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1. INTRODUCTION

Nuclear energy has been a long standing issue the world over with several
economically and politically driven stances taken on the subject. Debates are often based
on generally unfounded fears regarding the safety of power plant operations and
misunderstandings about the health impact of radiation doses to the public at large.
However, the question of how the nuclear industry should deal with its ever increasing
supply of used nuclear fuel resulting from day to day operations, and its environmental
and economic implications, is a valid one.

As of 2013, there are 100 operating reactors within the United States with two new
reactor units currently under construction in both Georgia and South Carolina.® As of
2003 these light water-based power reactors produced used nuclear fuel at a rate of
approximately 40,000 cubic feet every year.> Once its usable lifespan of 1.5-3 years in a
reactor core has been exceeded, irradiated fuel is transferred to cooling ponds on site at
each plant in order to allow the more radioactive elements to decay to more manageable
levels from both a radiotoxicity and heat production perspective.> With no current
official plan of used fuel treatment, these ponds continue to accumulate fuel at each
power plant with a total of 45,000 metric tons at commercial reactors and an additional
2,000 metric tons from defense purposes built up as of 2001.*

One of the most well-known proposals for used nuclear fuel management is
permanent storage of high level waste (HLW) in an underground geological repository.
Several countries including the United States, France, Germany, Sweden, Finland, and

Japan are investigating the feasibility of long term radioactive waste storage by this



method. In 1987 the United States originally selected the Yucca Mountain site located
approximately 100 miles northwest of Las Vegas in the Nevada desert as a permanent
disposal site for high level waste. The ill-fated project, though constructed, was plagued
with problems from its inception. The project attracted large amounts of criticism from
the public and scientists alike, with concerns about the long term ramifications from
unforeseen changes in the environmental mobility of radioactive materials through
possible earthquakes and other shifts in the hydrological properties of the surrounding
area. As a result, funding for the Yucca Mountain repository was entirely terminated in
2011 by congressional order despite lawsuits from states such as Washington and Idaho
which currently contain significant amounts of radioactive high level material stored at
sites within their borders. Currently the Yucca Mountain project’s license has been
ordered for further review.

In the past, used nuclear fuel has been given the misnomers “spent nuclear fuel” or
“nuclear waste” which has likely influenced public perception of nuclear energy and its
byproducts. The fact is that the vast majority of irradiated fuel is neither spent nor waste.
Roughly 96% of the initial fuel by mass is still useable for energy production in
conventional light water reactors.> The fuel only becomes unusable from the buildup of
neutron absorbers or “poisons” which limit the energy production while the fuel is within
the reactor. It is possible to reprocess this fuel by separating out the useful fuel elements,
mainly uranium and plutonium, which can then be recycled back into usable fuel. This
considerably reduces the bulk volume of the waste. Further reprocessing can be done to

separate the long-lived elements responsible for the long term heat contribution and



radiotoxicity and convert them to shorter lived isotopes through transmutation in fast
reactors, while a portion of the shorter lived isotopes can be vitrified in glass matrices to
immobilize them for short term disposal. Critics of recycling often cite the increased cost
from construction of recycling plants and possible proliferation concerns from the
separation of fissile isotopes into individual streams.®’ However, it should be noted that
commercial recycling is practiced by countries such as France and thus recycling can be
made economical on an industrial scale.

The purpose of the work presented in this dissertation is to help advance the
knowledge of current recycling methods using new novel extractants, namely amide
derivatized ligands based on dipicolinic acid. The mixed nitrogen and oxygen-donor
character they possess allows them to simultaneously extract actinides and fission
products from nitric acid solutions while providing an inherent preference for the
extraction of the trivalent actinides over the trivalent lanthanides. This work contains
material which has been adapted and rewritten from three previously published articles in
peer reviewed journals, as well as several conference proceedings papers in order to
incorporate new experimental work and form a more full-bodied piece of scientific
literature.

Chapter 2 of this dissertation provides some background on the chemical composition
of used nuclear fuel. This is followed by a review of the solution chemistries of the f-
elements as well as their interactions with organic ligands along with chemical equilibria.
A review of modern solvent extraction reprocessing techniques for used nuclear fuel

leads to discussion of the ligands currently being studied.



Chapter 3 discusses the synthesis of the ligands and the methods used in the
investigations throughout the work.

Chapter 4 presents the extraction behavior of actinides and selected fission products
by these new ligands from nitric acid solutions as a function of varying nitric acid and
ligand concentration as well as a discussion of their aqueous chemistries under acidic
conditions. Work presented in this chapter has been published in the following peer
reviewed journals and conference proceedings:

Lapka, J. L. et al. Extraction of uranium(VI1) with diamides of dipicolinic acid
from nitric acid solutions. Radiochimica Acta 97, 291-296 (2009).

Lapka, J. L. et al. Extraction of molybdenum and technetium with diamides of
dipicolinic acid from nitric acid solutions. Journal of Radioanalytical and
Nuclear Chemistry 280, 307-313 (2009).

Lapka, J. L. & Paulenova, A. The Extraction of Actinides from Nitric Acid

Solutions with Diamides of Dipicolinic Acid. IOP Conference Series: Materials
Science and Engineering 9, (2010).

Chapter 5 discusses the stability of these ligands when subjecting them to the harsh
conditions imposed during reprocessing of used nuclear fuel. The degradation products
by hydrolysis and radiolysis are identified by gas chromatography mass spectrometry.
The effect of these degradation products on the extraction and separation of americium

and europium are determined. Work presented in this chapter has been published in:

Lapka, J. L., Paulenova, A., Herbst, R. S. & Law, J. D. The Radiolytic and
Thermal Stability of Diamides of Dipicolinic Acid. Separation Science and
Technology 45, 1706-1710 (2010).



Chapter 6 presents the thermodynamics of complexation between these ligands and
neodymium, including the stability constants, Gibb’s free energies, enthalpies, and
entropies obtained from spectroscopic, calorimetric, and solvent extraction methods.
Work presented in this chapter has been published in:

Lapka, J.L. & Paulenova, A. Complexation of Diamides of Dipicolinic Acid with
Neodymium, GLOBAL 2013: International Nuclear Fuel Cycle Conference
Proceedings, accepted

This is followed by the conclusion summarizing the work performed here as well as a

listing of the references used in this dissertation.



2. BACKGROUND AND LITERATURE REVIEW

2.1. Composition of Used Nuclear Fuel
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Figure 2.1: Masses of elements per initial heavy metal tons after 10 years cooling, PWR
(adapted from Choppin, G. R.; Liljenzin, J.; Rydberg, J.; Radiochemistry and Nuclear
Chemistry, 3rd Ed.)
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Uranium-based fuels in light water reactors initially consist of uranium dioxide
enriched to approximately 4% by weight uranium-235. Operation of the reactor causes a
buildup of fission products, which absorb the neutrons required to sustain the fission

reaction. Gradually the buildup of the fission products causes a drop in the neutron



economy and thus the fuel has a set lifespan which is dependent on the fuel burn-up rate.
After a typical lifespan of 1.5-3 years in a reactor, approximately 95-96% of the fuel is
still useable uranium which can no longer sustain a reasonable fission rate for energy
production from the presence of these neutron “poisons”. The remaining 4-5% of fuel
consists of 3-4% fission products and ~1% transuranic elements produced during neutron
capture events; the exact percentages are a function of the operation procedures at each
individual reactor.

The primary source of the fuel’s radioactivity lies in the 4-5% non-uranium elements,
with an activity of approximately 10''-10"® Bq per initial heavy metal ton (IHM) after
one month of cooling time.2® After ten years of cooling time, the fuel consists of a wide
array of elements as shown in Figure 2.1. Allowing the fuel to cool for this length of
time lowers the radioactivity by approximately four orders of magnitude to 10*3-10' Bq
per IHM and allows the fuel to be much more manageable.” The most abundant fission
product elements at this time scale by both weight and mole fraction are xenon,
molybdenum, neodymium, cesium, and ruthenium, accounting for almost 70% of the
total fission product mass. Several of the fission products have cooled to the point of
being completely stable as in the case of Ga, Ge, As, Br, In, Xe, La, Nd, Tb, Dy and Er,
while other have been significantly reduced in their total radioactivity (Zn, Se, Rb, Mo,
Pd, Ag, Sn, I, Gd, Ho, and Tm).

The actinide content is highly dependent to the plant operation specifics. Produced
Pu-239 and Pu-241 also can fission in addition to the main U-235 fuel and leads to higher

yields of heavier 4d-transition metals. Higher production of plutonium will lead to more



americium and curium isotopes being generated. For the same specifics in Figure 2.1, the
majority by weight of the actinides are plutonium and americium. After the same 10
years of cooling the largest specific activity is from the plutonium, mainly from the Pu-
241and Pu-238 isotopes. Second is Am-241 produced from the beta decay of Pu-241,

followed closely by the curium isotopes Cm-242 and Cm-244.
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Figure 2.2: Heat output for LWR fuel (adapted from Choppin, G. R.; Liljenzin, J.;
Rydberg, J.; Radiochemistry and Nuclear Chemistry, 3rd Ed.)

After ten years of cooling, the majority of the heat output comes from the decay of
the fission products (Figure 2.2), mainly strontium-90, cesium-134, and cesium-137.
Cesium-134 decays to non-problematic amounts within another ten years; however
strontium-90 and cesium-137, with their half-lives of approximately 30 years and

environmental mobility, continue to be radiotoxicity concerns. The shorter-lived high



energy alpha emitters also produce significant amounts of decay heat. However, the
lanthanides dominate in the short term, and it is not until nearly 100 years do the
actinides become the larger contributor to decay heat. Correlated to the decay heat, the
bulk radioactivity is also dominated in the short term by the lanthanides.’® Assuming
transmutation of the minor actinides, removing the fission products from the still useful
irradiated nuclear fuel significantly reduces the length of time any “waste” would need to
be stored (approximately 300 years for the separated fission products) before reaching the
radioactivity comparable to that of natural uranium. Even leaving the minor actinides
with the fission products and only recycling the uranium and plutonium content requires
only 9,000 years to decay to natural uranium levels. In comparison, simply storing used
fuel in waste repositories without any fuel reprocessing requires over 300,000 years to
decay to uranium levels. It is for these reasons that fuel reprocessing is of significant

importance in maintaining a nuclear based energy program.

2.2.Hard-Soft Acid-Base Theory

The complexation behavior of metal ions in solution is rooted in the characteristics of
their outer electron orbitals. Pearson theorized that the relative strength of a chemical
reaction between two species could be predicted based on the rigidity of the electron
clouds that participate in the bonding process.**** The rigidity of the electron cloud is
referred to as the polarizability of the ion or molecular group. Pearson’s description is

commonly utilized when describing the reactions between acids and bases, using the



Lewis definition of acids and bases as an electron acceptor and electron donor
respectively. The electron pair in the highest occupied orbital of the Lewis base interacts
with the lowest unoccupied orbital of the Lewis acid, forming an adduct whose molecular
orbitals are lower in energy.

Lewis acids and bases can generally be categorized as either hard or soft (a group of
“borderline” acids and bases also exists with behavior intermittent of these two
categories). A hard Lewis acid or base is characterized by having a smaller electron
cloud radii, as well as higher charge in the case of ions resulting in a higher charge
density, and the electrons are held onto more tightly giving less covalent character and
thus interactions are more ionic in nature. Molecular hard acids will have low energy for
their highest occupied molecular orbital (HOMO) and hard bases higher lowest
unoccupied molecular orbital (LUMO) energy resulting in little to no orbital overlap of
the HOMO and LUMO and therefore lack of covalency. Soft acids and bases are the
described by the opposite characteristics of having larger radii and lower charge states.
The lower charge density of these groups means electrons are more easily shared between
the two substituents giving more covalent character in formation of the bond. Molecular
soft acids have high lying HOMOs and soft bases have low lying LUMOs which allows

for more orbital overlap and more covalency.

10



Table 2.1: Common Hard/Soft Lewis Acids and Bases

Acids Bases
hard soft hard soft
H',Li", Na', K" Hg', Au’,Ag", Cu" H,0, OH H,R
ca’*, Ba*", sr* Pt*", Pd*", Cd** RO RS
AP" An/Ln** Sc** T F,CI I
zr*, An*, Tt Pt**, Te™* NH; PR;
BF; BH; CH;COO’, COs>  SCN’,CN, CO

However, these characteristics are not universal when determining the hard/soft
character of a given substituent. Some common hard/soft characterized acids and bases
are listed in Table 2.1. It can be seen that the potassium ion K" is listed in as a hard acid,
while the copper(l) ion Cu™ is considered soft despite the same electronic charge and the
smaller radius of the cuprous ion. The difference in their behavior lies in the fact that
copper has d-electrons which are less tightly held and thus more available for covalent
bonding. Thus the rules of size and charge are only followed down groups of the
periodic table, i.e. F is a harder Lewis base than CI" and so on within the halides.

A more rigorous definition of the chemical hardness 1 is needed to explain why an
ion such as Te*" is considered to be a soft acid, while Zr**, which belongs to the same
period, is considered a hard acid. Pearson and Parrs proposed that the chemical hardness
could be related to change in electronic energy of the chemical environment JE relative

to the change in the number of electrons within a fixed environment ON:

C1(3%E\ _1-A o
=2 82 ) = 2 :
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where | is the ionization energy and A the electron affinity for a given species.’> A
molecule or complex which minimizes the difference in the values of | and A between
both the acid and base constituents minimizes the chemical hardness, resulting in more
sharing of electrons, while hard acids and bases resist transfer of electrons in both

direction giving larger values of n and more ionic character.

2.3. f-Element Chemistry

2.3.1. Lanthanides

The lanthanide elements are present in used nuclear fuel as a result of actinide fission.
Fission of the three most common fuels (U-233 from the thorium fuel cycle, U-235 and
Pu-239 bred in from the standard uranium light water reactor) by thermal neutrons results
in a distribution of mass fragments.”® Because the most probable mode of fission for
these isotopes is asymmetric fission, two “humps” are seen in the mass distribution with
one centered about A ~ 140 while the other is variable from A ~ 95-100 depending on the
mass of the parent isotope that underwent fission. The mass distribution about 140 is a
result of the “magic number” corresponding to 82 neutrons. Several of the light
lanthanides have total mass numbers of approximately 140 and thus are some of the more
primary constituents of irradiated fuel. The heavier lanthanides are much less abundant,
or essentially non-existent, as in the case of thulium, ytterbium, and lutetium.®

Chemically all members of the lanthanide series behave in a very similar manner.
The 4f-orbitals are buried beneath the further extending 6s and 5d orbitals.® The

12



addition of another electron into the 4f-orbital therefore has little effect on the chemical
interactions possible by each member of the lanthanides when the sizes of their ions do
not restrict bonding behavior. Separations between individual members of the lanthanide
series would be extremely difficult if not for their size difference; shrinking 17% from
Ce* to Lu**.Y  Since the f-orbitals are not spherically symmetrical the outer most
electrons are not sufficiently shielded. Increasing the nuclear charge along the series
therefore causes the outer most electrons to contract more than would otherwise be
expected across the series (estimated from relativistic calculations to be approximately 20
pm), and as such this shrinking effect has been dubbed the “lanthanide contraction”.®
The lanthanide contraction is responsible for the nearly identical chemical behavior from
the similar ionic radii of the 4d and 5d transition metals belonging to the same group of
the periodic table.

The electronic configurations of the lanthanides all contain the [Xe] core for the inner
shells. In metallic form both the 5d and 6s orbitals are initially populated until
praseodymium is reached as seen in Table 2.2 With increasing nuclear charge the 4f
orbital becomes more stable and from praseodymium onward electrons only populate the
4f and 6s orbitals with the exceptions of gadolinium and lutetium, where the addition of
another electron disrupts either a half filled f-shell or where the shell is entirely

populated.™
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Table 2.2: VValance shell electronic configurations of the f-element metals

Electronic Electronic
Element Symbol Configuration Element Symbol Configuration

Lanthanum La 5d' 65 Actinium AcC 6d* 75
Cerium Ce 4f* 5d* 6s? Thorium Th 6d? 7s2

Praseodymium  Pr 4f° 65 Protactinium Pa 52 6d* 75

Neodymium Nd 4f* 65 Uranium U 5 6d* 75

Promethium Pm 4f° 652 Neptunium Np 5f* 6d* 7s?
Samarium Sm 415 6s? Plutonium Pu 5% 752
Europium Eu 4f" 6s* Americium Am 5f 75°

Gadolinium Gd 4f" 5d* 6s? Curium Ccm 5f 6d* 7s?
Terbium Th 4f° 6s? Berkelium Bk 5f° 752
Dysprosium Dy 41 652 Californium Cf 510 75
Holmium Ho 4f1 6s? Einsteinium Es 5f1 752
Erbium Er 4f*? ps? Fermium Fm 5f2 752
Thulium Tm 4f" 6s? Mendelevium  Md 5f13 752
Ytterbium Yb 4f* 6s? Nobelium No 5f14 752

Lutetium Lu 414 59 6s? Lawrencium Lr 5f14 6d! 752

In solution the lanthanides primarily adopt the 3+ oxidation state as their most stable
form. The reasons for this can easily be seen by the filling of their electron orbitals in
Table 2.2. Since the 5d and 6s shells extend much further from the nucleus than the 4f
shell, electrons in these orbitals are more weakly bound and easily ionized, giving

electron configurations of f>-f

for the trivalent lanthanide ions. Notable exceptions are
cerium(lV), europium(ll), and Yb(Il) where removal or addition of another electron
results in an empty, half-filled, or filled f-orbital respectively. The speciation of
lanthanides in low pH non-complexing (i.e. perchlorate, triflate, etc.) aqueous media is
the hydrated ion Ln(HZO)X3+ where X = 8-9 molecules of water are coordinated in the

inner sphere of the complex.?® Lighter lanthanides have a coordination number of 9 due

to their larger ionic radii and a decreasing trend in the hydration number is observed until
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a break point at gadolinium, where a coordination number of 8 is the predominant form.*
These coordination numbers tend to be adopted for non-aqueous media when the size or
spacing between the inner sphere coordinating groups is not significantly different than

that of water.?

2.3.2. Actinides

The most important actinide elements in fuel reprocessing are uranium, plutonium,
neptunium, americium, and curium.®> Berkelium and californium are also produced but in
such vyields that are of little consequence for a uranium light water reactor.??  Actinides
heavier than uranium are not found in nature (with exceptions such as natural Oklo
reactor) due to their short half-lives compared to the age of the solar system, and are the
result of successive neutron captures in uranium-238 and uranium-235. The elements
lighter than uranium are the result of decay series from those heavy actinides.

The chemistry of the lighter actinides (other than actinium) is significantly different
than any of the lanthanides. So different, in fact, that early conceptions of the actinide
series placed these elements below the 5d block, mainly from the similar behavior of the
strongly tetravalent thorium ion Th*" to both Zr** and Hf** and uranium’s ability to form
multiple oxidation states akin to tungsten.'®*® With the synthesis of new transactinide
elements it was discovered that these elements had chemistry more similar to that of
uranium than their assumed d-block analogues. The “actinide concept” was introduced
by Glenn Seaborg in 1944 to explain this discrepancy, and instead placed the actinides

directly below the lanthanides on the periodic table. This theory was proved to be correct
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as it was shown these new elements had spectral lines unlike the d-block metals and with
the synthesis of americium and curium they proved to have very similar elution behavior
to their lanthanide analogues europium and gadolinium on chromatographic columns.?

It is easy to understand the initial belief of the actinides belonging to the d-block
metals when looking at the electronic configuration of thorium (Table 2.2). Thorium was
shown to have an electronic configuration of 7s°6d?, where its lanthanide equivalent
cerium has one 5f-electron. After thorium the electronic configurations of the actinides
become more like those of the lanthanides with one d-electron while filling the 5f-orbital
and eventually mirroring the 4f-metals completely starting with plutonium.

While relativistic effects play a minor role in determining the chemistry of the
lanthanides, the actinides are strongly influenced by the high velocities of the inner most
electrons. The average radial velocity of a 1s electron can be calculated as a function of

the nuclear charge Z:

Zc
v =Zac ~ o (2.2)

where a is the fine structure constant and c is the speed of light.?® For the actinides this
equates to a 1s electron orbital velocity of roughly 2/3s the speed of light, while the other
inner s and p orbital electrons experience a similar effect. The increased mass due to
these relativistic electrons causes a contraction of the s and p-orbitals as a result of their
greater probability density closer to the nucleus compared the d and f-orbitals. While the

7s and 7p orbitals are slightly contracted the 6d and 5f orbitals are expanded because of
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the shielding provided by the 7s and 7p orbitals. The end result is that there is very little
energy difference between the outer s, p, d, and f levels of the actinides and therefore the
6d and 5f shells play a much more important role in available chemical (occasionally

even covalent) bonding relative to the lanthanides.

Table 2.3: Oxidation states of f-elements (underlined numbers are most common
oxidation states in aqueous media, parentheses are only stable in solid state)™

Lanthanides La Ce Prr- Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
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The small energy differences in the outer actinide orbitals allow for a wide range of
available oxidation states in aqueous solution. Up until neptunium the primary aqueous
stable ion corresponds to the f° configuration for that particular element, though other
oxidation states are available for protactinium and uranium (Table 2.3). Beyond
plutonium the most stable oxidation state is the 3+, resembling the lanthanides with the
exception of nobelium which gains a more stable 5f* configuration by remaining in the
divalent 2+ state. Like the lanthanides the trivalent and tetravalent actinides are found in

non-complexing media as the bare cation surrounded by an inner hydration sphere of

17



water molecules. Any bare pentavalent and hexavalent actinide ions are immediately
hydrolyzed to form linear dioxocations of the forms AnO," and AnO,** with the
exception of protactinium, whose exact form is not agreed upon.* The heptavalent
actinides are only stable in basic solutions when conditions are sufficiently oxidizing.

The actinide ions are also hydrated by water in their inner coordination sphere. The
exact hydration numbers are of debate, with some reports stating a variation of 8-9 like
the trivalent lanthanides while others report higher values of 10-12 due to the increased
ionic radii of the actinides.”> " Reported values for the tetravalent ions range from 7-10
while the pentavalent and hexavalent actinides are generally agreed to have hydration
numbers of 5 or 6 molecules of water. The strength of the complexes these ions form
generally follows the effective cationic charge of the actinide ion which is related to the

oxidation state:

An* > AnO,*" ~ An** > AnO,* 2.3)
with values of 3.3 and 2.2 for the effective cationic charges of AnO,*" and AnO,"
respectively, though geometric restrictions can cause an inversion of the complex

strength between the trivalent and hexavalent states.?

2.3.3. Separation of the Actinides and Lanthanides
Actinides which have multiple oxidation states available can easily be separated using

a variety of solvent extraction or chromatographic techniques by exploiting the differing
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strength of complexation of the different oxidation states. However, it can be difficult to
separate the trivalent actinides from the trivalent lanthanides, and this separation is one of
the main focuses of modern fuel reprocessing methods.?® Ligands that bind exclusively
through hard donor oxygen atoms show little to no difference in complexation ability of
the lanthanides and actinides.*® However, it has been known that atoms with softer donor
groups such as sulfur, or particularly nitrogen atoms, will selectively bind the actinides
over the lanthanides.®

The differing chemical behaviors between the lanthanides and actinides of equal
valence towards various electron donating groups can be attributed to the differences
between the participation of the 4 and 5f-orbitals in chemical bonding. As stated
previously the 4f electrons lie buried beneath the 5d and 6s orbitals and their inefficient
shielding character causes the lanthanide ions to contract in size. A smaller sized ion
with large charge density leads to a more rigid electron shell, thereby giving harder Lewis
acid character. In contrast the 5f orbitals are much more available for chemical
interactions due to their relativistic inner electrons. The extension of these orbitals
combined with the generally larger size of the actinide ion compared to the lanthanide ion
due to the addition of another energy level gives the actinides slightly more covalency
and thus softer Lewis acid character. The increase in covalency is a result of the
actinide’s more available 5f-electrons (and some evidence of d-electrons) for
participating in back-bonding into ©* orbitals ligands with aromatic nitrogens.** It should

be noted that both the trivalent lanthanide and actinide ions are categorized as hard Lewis
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acids, however, the difference in chemical hardness is sufficient enough to be exploited

for separation purposes.®

2.4.Solvent Extraction

Solvent extraction, or liquid-liquid extraction, is an extremely powerful technique for
the separation of chemically dissimilar compounds from a given solution and is used in
both laboratory and industrial level applications.®* Separation is performed by exploiting
the differing affinities (polarity, hydrophobicity, etc.) of a given set of compounds for
two immiscible phases. Generally these phases consist of water and a hydrophobic
organic solvent, though ionic liquids can also be used in place of one of these phases and
have recently generated much interest for the purposes of solvent extraction of metals
from used nuclear fuel.*>*° After sufficient mixing, solutes will partition into the
particular phase which lowers the overall chemical potential of the system until
equilibrium is reached.*® This partitioning of solutes is often referred to as the distribution
ratio or distribution coefficient D and defined as the ratio of the sums of all species of an

analyte x in the organic phase to that of the aqueous:

~ [Xlaq (2.4)
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Another important term is the separation factor, which gives the relative partitioning
between two analytes of interest in solution. It is defined as the ratio of the distribution

coefficients between two analytes x and y:

Dy (2.5)

In reprocessing of used nuclear fuel, metal ions are typically present in the form of
dissolved nitrate salts resulting from the nitric acid dissolution process of the fuel. Inner
sphere complexation by water molecules means that these salts are very hydrophilic and
would be difficult to partition into an organic phase by simply contacting with a non-
solvating diluent. In order to facilitate this process, organic soluble complexing agents
are added to the system in order to increase the affinity of the metal ion of interest for the
organic phase. The most widely used solvents for fuel reprocessing are aliphatic
hydrocarbons; typically either n-dodecane or kerosene are the diluents of choice. Ligands
utilized for separations will be designed containing functional groups which assist
solvation into the organic phase. For example N, N’-tetraoctyldiglycolamide (TODGA,
Figure 2.3) is designed to extract trivalent actinides and lanthanides from acidic
solutions.** The octyl chains branching from the amide nitrogen increase the solubility of

the ligand, and also the extracted metal-ligand complex, in the organic phase.
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Figure 2.3: Structure of N, N’-tetraoctyldiglycolamide (TODGA)

2.4.1. Neutral Solvate Ligands

There are two main types of extraction mechanisms currently employed in the major
fuel reprocessing schemes. The first solvent extraction methods used in reprocessing of
used nuclear fuel were neutral solvate extraction mechanisms.”> In this mechanism a
ligand (L) which contains a basic electron donating group coordinates to a metal ion (M?)
with charge z forming either an inner or outer sphere coordination complex. During this
process there is no change in electrostatic charge between the metal and metal:ligand
complex. The previously mentioned TODGA molecule belongs to this class of ligands.

Traditionally reprocessing of fuel in this method has been done through the oxygen
atoms of carbonyl or phosphoryl moieties, though other functional groups containing
sulfur and more recently nitrogen donors have been investigated as well.*** Once the
metal ion has been coordinated, charge balance is required in order to promote phase
transition of the metal:ligand complex. For fuel recycling this largely means
compensation of the electric charge of a metal via the nitrate anions in solution from the

dissolution of the chopped fuel by nitric acid:

M%::-q) + ZNog(aq) + rlL(org) s [M(NO3)Z ) Ln](org) (2.6)
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The extent of the distribution of the metal:ligand complex into the organic phase can then
be affected by adjusting the concentration of the counter ion such as nitrate in Equation
(2.6). Increasing the nitrate ion concentration would result in driving the equilibrium of
the reaction to the right, resulting in more partitioning into the organic phase. Lowering
the nitrate concentration would then allow the complex to dissociate with the metal and
nitrate ion, and thereby back extracting into the aqueous phase. For the purposes of
reprocessing, these ligands are for the extraction of metals from solutions of high acidity
and salt content, usually ranging from 1-6 M acid but can be even higher than 10 M total

anion concentrations depending on the ligand and solvent extraction system involved.*

2.4.2. lon Exchange Ligands

Metals can also be extracted into the organic phase by ligands which can undergo ion
exchange reactions. In these extractions a metal ion in the aqueous phase is exchanged
for one or more ions in the organic phase. In fuel reprocessing the exchanged ion(s) is
generally a hydrogen ion which has been deprotonated from a weak organic acid. For
acidic extractants, as with neutral solvate ligands, the ion exchange extractants are often
composed of carbonyl or phosphoryl functional groups.*” However, now these moieties
are combined with a hydroxyl group allowing for the release of a proton. As a result ion
exchange extraction is highly dependent on the pH of the aqueous phase, with small
changes in the acid concentration able to completely change the metal partitioning

behavior. For a simple monoprotic acid HA, extraction takes place as:
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M%;q) + ZHA(Org) S M(A)Z(org) + ZH{(_aq) (27)

forming the metal:ligand complex which partitions to the organic phase and releasing a
number of protons equal to the charge of the extracted ion.

lon exchange can also be performed with a polyatomic metal anion using a Lewis
acid; commonly a quaternary ammonium salt or other alkylammonium species.*’
Formation of a positively charged ion by protonation of a basic group such as a tertiary

amine allows for extraction by the formation of an ion pair:

R3N:org)+ Hiag) + Xfaqy 5 RsNH X(org (2.8)
where X represents an anionic metal complex or polyatomic ion. For longer branching
aliphatic chains the strength of the alkylammonium complex is an effect of the protonated
amine substitution and proceeds as: quaternary” > tertiary” > secondary” > primary”.
Basic extractants can be used for separations in fuel reprocessing such as during the
recovery of technetium by anionic exchange of TcO4.*® However, due to the nature of
these extractants they are limited in their use to only metals capable of forming stable
anionic complexes in solution.

lon exchange reactions are often more complex than illustrated in Equation (2.7).%
Since the hydrogen ion concentration will vary with the number of species being

extracted when using acidic extractants, strict pH control is needed through the use of
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buffers which often affect the extraction equilibria independently as well. Matters are
also complicated due to the tendency of these acidic ligands to form dimeric species in
non-polar organic solvents.”>*! Despite these difficulties ion exchange ligands have been
successively utilized as both organic phase extractants and aqueous phase soluble hold

back reagents for the separations of actinides and lanthanides.

2.5. Reprocessing of Used Nuclear Fuel

Reprocessing of irradiated fuel has been performed since the development of nuclear
weapons nearly seventy years ago during World War Il.  The end goal of the original
process was the isolation of the weapons grade plutonium-239 produced in the plutonium
production plants at the Hanford site in the state of Washington. Plutonium was initially
separated by coprecipitation with bismuth phosphate, leaving uranium in solution as the
sulfate complex.*? After several more oxidation and precipitation steps a pure plutonium
product was achieved. This method began to fall out of favor after the war as it produced
lots of secondary solid wastes and did not recover the also useful uranium in solution.
Consequently the bismuth phosphate process was phased out and replaced by solvent

extraction methods in the late 1940s and early 1950s.

25.1. PUREX
One of the first solvent extraction methods applied for the purpose of separating

elements in irradiated nuclear fuel was the extraction of uranium and plutonium by
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tributyl phosphate (TBP, Figure 2.4) developed at Oak Ridge National Laboratory in
1944.> Because of the secrecy surrounding the Manhattan Project the information about
TBP’s ability to extract nitrate salts of tetravalent and hexavalent actinides into aliphatic
diluents from nitric acid was not published until 1949.>* Because of its usefulness in the
separation of uranium and plutonium TBP became the basis for the PUREX (Plutonium
and Uranium Reduction Extraction) process which is now the most prevalent form of
used fuel reprocessing in the world and is considered to be one of the world’s most well

studied metal extractants.>®

Figure 2.4: Tributyl phosphate (TBP)

TBP is a neutral solvate ligand which complexes metals through the electron donating
oxygen of the phosphoryl group. In the PUREX process irradiated fuel dissolved in nitric
acid is contacted with a 30% solution of TBP diluted in a heavy aliphatic hydrocarbon
such as n-dodecane or kerosene. Because it is a neutral solvate extraction molecule,
extraction with TBP is improved by increasing the nitrate ion concentration of the
aqueous phase. Dissolved irradiated fuel has a typical nitric acid concentration in the
range of 3-4 M and thus TBP extracts very efficiently under these conditions.>®

Tetravalent and hexavalent actinides are extracted into the organic phase, leaving
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pentavalent and trivalent actinides as well as most fission products behind in the aqueous
layer. 30% TBP is employed because as the percentage of TBP is increased the solution
begins to extract other metals which are undesirable, such as americium, while also
having other detrimental extraction characteristics, such as increased viscosity.”’

After the extraction of the tetravalent plutonium and hexavalent uranium (as well as
any neptunium in the tetravalent and hexavalent oxidation states), uranium is separated
by the introduction of a reducing agent such as ferrous sulfamate.®® Plutonium(IV) is
reduced to plutonium(l11) and stripped into the aqueous phase while the oxidation state of

uranium(V1) is unaffected and is retained in the organic layer.

2.5.2. CCD/PEG

Cesium-137 and strontium-90 are two of the most important isotopes with regards to
disposing of used nuclear fuel. Both of these isotopes have half-lives of approximately
30 years, produce significant amounts of heat from their radioactive decays, are
environmentally mobile, and present significant radiotoxicity health hazards.” Neutral
solvate extractants tend to extract these elements poorly due to their strongly ionic
character. Some more common ion exchange extractants also have difficulty in the
extraction and separation of cesium and strontium from other elements in solution.”® As
such a cation ion exchange separation process using chlorinated cobalt dicarbollide
(CCD) polyethylene glycol (PEG, Figure 2.5) was developed by Idaho National

Laboratory and the Khlopin Radium Institute.®
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Figure 2.5: Trifluoromethylphenyl sulfone (FS-13, top left), polyethylene glycol (PEG,
bottom left), and chlorinated cobalt dicarbollide (CCD, right)

Chlorinated cobalt dicarbollide is an extremely stable halogenated carborane-based
anionic cage with an overall charge of -1. Despite its strong acid-like characteristics it
has significant solvating power for metals in polar organic solvents.®* Rather than a
complexation reaction, metals partitioned to the organic phase are nearly completely
dissociated from the CCD anion. CCD alone will extract cesium into the organic phase.
Strontium requires the addition of polyethylene glycol (typically PEG-400) to assist in
the dehydration and phase transfer of the Sr** ion. CCD is very hydrophobic and requires
a polar organic solvent in order to allow for dissociation of the metal and CCD in the
organic phase to carry out extractions.

Original experiments with CCD used various nitro-aliphatic and nitro-aromatic
solvents such as nitrobenzene.>  Though these solvents had reasonably good
performance for this process, the health, environmental, and safety hazards associated
with these solvents has led to the use of a less hazardous diluent. Currently the

CCD/PEG process solvent of choice is phenyltrifluoromethyl sulfone or FS-13 (Figure
28



2.5), a polar solvent developed to support extractions with ionic salts of CCD. FS-13 was
also chosen because of its good hydrolytic and radiolytic stability, high extraction yields,
and lack of third phase formation.® Other developments in the separation of cesium and

strontium include removal by crown ethers as well as calixarenes in the FPEX process.*

2.5.3. TRUEX
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Figure 2.6: Carbamoylphosphine oxide (CMPO)

Octyl-phenyl-N,N-diisobutylcarbamoylmethylphosphine oxide (O®DiBCMPO or
CMPO, Figure 2.6) is a neutral ligand extractant developed at Argonne National
Laboratory to be the most compatible with the solvent conditions used during PUREX.%
Despite its seemingly bidentate nature the primary purpose of its structure is for the
phosphoryl group donor to act as the main electron donor, with the carbonyl group acting
as an intramolecular buffering agent, though it is possible for the carbonyl to act as a
secondary donor group.®” This intramolecular buffering suppresses the negative effect on
the distributions of the metals due to the simultaneous extraction of nitric acid by the
ligand at higher acidities.

When combined with the PUREX process’s TBP in n-dodecane, CMPO is the basis
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for the TRUEX (TRansUranium EXtraction) process for the removal of trivalent f-
elements from PUREX raffinates while providing good separation from the transition
metals.®>® The concentration of TBP is the same which is used during PUREX and
therefore does not effectively extract the trivalent actinides and lanthanides. Rather, TBP
acts as a phase modifier which constrains the tendency of CMPO to form a second
organic layer or “third phase” caused by nitric acid extraction when dissolved in n-
dodecane alone and increasing the solubility of CMPO and its metal complexes in
solution.®”  Furthermore the addition of TBP reduces competition between extractable
metals and nitric acid, improving their dependencies on the acidity of the system.
Distribution ratios remain relatively constant between 1-6 M nitric acid making TRUEX
attractive from an engineering perspective, as on the engineering scale, exact acid
concentrations can be difficult to maintain within a narrow range.** A Russian based
variant of the TRUEX process has also been studied using a diphenyl rather than octyl-

phenyl analogue of the CMPO used in the American TRUEX solvent.*®

2.5.4. TALSPEAK

The extractant di-(2-ethylhexyl)phosphoric acid (HDEHP or DEHPA, Figure 2.7) has
been known to be an efficient extractant for metal ions from mineral acid solutions since
the late 1950s.°° HDEHP is an ion exchange ligand that is soluble in non-polar organic
diluents. Hydrogen bonding amongst the phosphoric acid groups between two HDEHP
molecules leads to significant formation of dimers in solution.® These dimers are

maintained in the extracted complex with the metal ion:
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M, + 2(HDEHP), 5 M(HDEHP),(DEHP), . + zH 29)

releasing one proton per charge of the metal complex. For trivalent lanthanides and
actinides this results in a third order dependence of the distribution ratio on the
equilibrium proton concentration. This acid dependency requires the use of a buffer
when stricter pH level control cannot be applied during engineering scale processes. The
most common buffer used is lactic acid, though other simple carboxylic acids have been
investigated such as malonic and citric acid.”>"® When using HDEHP as an extractant
there are nearly five orders of magnitude difference between the distribution ratios across
the entire lanthanide series, however there is little to no separation between the trivalent
actinides and lighter lanthanides which are of more importance from the perspective of

waste management.>"

Figure 2.7: Di-(2-ethylhexyl)phosphoric acid (HDEHP)
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Since the solution chemistries of the trivalent actinides and lanthanides are very
similar, their separation from each other can be a challenging task. One of the simplest
ways of separation is exploiting the slight prevalence in the complexation of the actinides
compared to lanthanides of the same oxidation state by soft donor atoms, the nature of
which is explained in section 2.3.3. The effects of altering the aqueous phase chemistry
of the HDEHP in dilute acid solutions by the addition various carboxylic and
aminopolycarboxylates such as diethylenetriaminepentaacetic acid (DTPA, Figure 2.8)
were investigated by Weaver and Kappelmann in the 1960s.”* The investigators found
that when using a lactic acid buffer system, DTPA was able to effectively strip and
separate trivalent f-elements with a separation factor oo = 10 between the distributions of
the least separated lanthanide and actinide, these being neodymium and californium
respectively. This reprocessing method has been dubbed TALSPEAK for “Trivalent
Actinide and Lanthanide Separations by Phosphorous-reagent Extraction from Aqueous
Komplexes”. Attempts have been made to combine the TALSPEAK and TRUEX
systems in a combined TRUSPEAK process. However, this combined neutral and acidic
extractant process has had issues stemming from interaction of HDEHP and CMPO in the

organic phase.”>"®
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2.5.5. UNEX

Each of the mentioned reprocessing strategies in the prior sections has been
previously proposed to be performed stepwise as part of a greater partitioning and
transmutation plan.”” Figure 2.9 illustrates this expanded concept for the previously
proposed UREX+ suite of reprocessing steps.”® After chopping and dissolution of
irradiated fuel in nitric acid, uranium, plutonium, and technetium are recovered by the
PUREX process. Next the raffinate from the PUREX stream would be contacted with the
CCD/PEG solvent for the removal of cesium and strontium. Actinides and lanthanides
are then extracted using the mixed TBP/CMPO system of the TRUEX process. The
transition elements remaining in the aqueous phase would then be sent for decay storage
while the organic phase would then go on to the TALSPEAK partitioning of the
lanthanides and actinides. Actinides would then undergo transmutation to shorter lived
isotopes and the lanthanides placed into short term decay storage.
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Figure 2.9: UREX+ multi-stage partitioning flowsheet of irradiated nuclear fuel

The UNEX (Universal Solvent Extraction) process was developed by Idaho National
Laboratory and the Khlopin Radium Institute as an alternative method of separating all
important elements in used nuclear fuel. Rather than several individual steps, UNEX’s
goal is to simultaneously separate and recover all of the major radionuclides from legacy
waste raffinates left after the removal of uranium during the PUREX process.”® UNEX is
essentially a combination of aspects from both the CCD/PEG and TRUEX processes.
Conditions are made so that cesium and strontium are extracted in the same manner as
described previously, but the addition of CMPO from the TRUEX process allows for the
concurrent extraction of elements which are inextractable by the pure CCD/PEG process.

The PUREX portion of the flowsheet remains unaffected and is performed as normal.
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The reasoning behind this combination is rather than using a complex cascade of
several different organic solvent extraction systems, a single consistent organic phase can
be used. Separations of various elements would then be performed by the use of multiple
aqueous phases of varying stripping agents and acidities to selectively partition the
desired elements at each decontamination step as diagramed in Figure 2.10. This would
have the effect of cutting down the amounts of hazardous waste generated by the use

multiple organic phases and ultimately the monetary costs associated along with it.

Chopping & Recovered
Used Fuel ——  Dissolution —— PUREX |—> U & Pu

in nitric acid
ﬂ TRU + FP (aq)

Cs, Sr
E——

Remaining FP

except Ln
Decay Storage :: Group
Separation

Ln FPs

Transmutation —

TRU
Figure 2.10: UNEX separation concept

The UNEX process is currently one of the only demonstrated methods for removal of
all major radionuclides in a single process.*®  However, as of yet no tests have been

conducted using actual PUREX raffinates. In its current inception the UNEX has
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limitations with respect to its usage of the neutral extractant CMPO. The synthesis of
CMPO is expensive and difficult compared to other neutral solvate ligands. CMPO and
its metal:ligand complexes also both have limited solubility in polar diluents such as FS-
13 compared to non-polar diluents, limiting CMPO’s application in high level waste
reprocessing. As a result, expanding the application of the UNEX process for potential
applications in reprocessing used nuclear fuel requires finding a new suitable substitute

for CMPO.

2.6. “CHON” Extractants

A rather common theme amongst extractants proposed for fuel reprocessing in the
United States is the use of organophosphorous ligands, namely TBP, HDEHP, and
CMPO. The use of organphosphorus ligands is often undesirable from the perspective of
reprocessing management.** These ligands generate significant amounts of waste which is
difficult to reduce in volume. Since the late 1980s there has been a drive to study new
types of extractant molecules, particularly in Europe, where the extractant molecule only
consists of carbon, hydrogen, nitrogen, and oxygen atoms.®* The so-called “CHON
principle” is centered around the fact that ligands which only contain CHON atoms can
be completely incinerated to form gaseous products, while extractants containing
phosphorous and sulfur atoms will form solid residues and contribute to acid rain if

incinerated.®

2.6.1. Amides
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One of the simplest types of CHON ligands are organic amides. Amides extract
metals by coordination of the electron rich oxygen of the carbonyl group to the metal
Lewis acid. The nitrogen, having sp® geometry, does not participate directly in
extractions. The basicity of the carbonyl group and solubility of the ligand in the organic
phase can easily be affected by changing the substituents from the nitrogen and carbon
atoms. Initial studies using monoamide ligands led to the investigation of diamidic
ligands, particularly derivatives of malonic acid, due to the increased solvating power
provided by using a multidentate ligand.?*® Malonamides are the basis for the French
DIAMEX (DIAmide EXtraction) process and serve essentially the same purpose as the
TRUEX process by simultaneously extracting trivalent actinides and lanthanides from
PUREX raffinates.®®®” Other amidic extractants of recent interest include derivatives of
diglycolamide, mainly tetra-octyl-diglycolamide (TODGA) and tetra-ethyl-hexyl-
diglycolamide (TEHDGA). These amides also serve the same purpose as CMPO and
have undergone extensive research predominantly by German and Japanese

37,41,88-92

scientists, though interest has been generated in the US as possible replacements

for CMPO in a modified TRUSPEAK design called ALSEP (Actinide and Lanthanide

SEParation).”

2.6.2. N-Donor Extractants
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Figure 2.11: BTP (left) and BTBP (right) heterocyclic N-donor ligands

An issue generally associated with amides and other oxygen-based hard donor
extractants is the negligible ability to differentiate and therefore preferentially complex
the hard Lewis acid trivalent actinides over the lanthanides. In order to preferentially
complex actinides several new N-donor ligands, which exploit the small difference in
chemical hardness exhibited by the actinides, have been studied.®***% Though initial
investigations showed poor extraction from acidic solutions due to the protonation of the
nitrogen groups, interest in N-donor ligands experienced a resurgence with the discovery
of the extraction properties of bis-triazinyl-pyridines (BTPs, Figure 2.11) by Kolarik et.
al. in the late 1990s.*® These BTP ligands showed excellent selectivity for trivalent
actinides over the lanthanides, with separation factors of americium and europium greater
than 100.%” However, these ligands showed poor extraction kinetics and were especially
unstable to degradation by hydrolysis and radiolysis.**®
New research has been conducted using different substituents branching from the

triazinyl rings as well as similar ligands based on the bistriazinylbipyridine (BTBPs,

Figure 2.11) backbone.**1%*1% These ligands have shown more resilience to degradation
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by hydrolysis and radiolysis, although kinetics of extraction have continued to be a
drawback and require the addition of a phase transfer reagent in order to achieve short

equilibrium times.*®

2.6.3. Mixed N, O-Donor Ligands

As mentioned previously the hard-donor oxygen ligands discussed in section 2.6.1 do
not show selectivity for the extraction of trivalent actinides and lanthanides, while the
soft nitrogen donor ligands in section 2.6.2 separate the trivalent f-elements but do not
efficiently extract the lanthanides to an appreciable extent. In some reprocessing
techniques such as UNEX, it is desirable to extract both actinides and lanthanides
simultaneously while preferentially extracting the actinides. This can be achieved by
using a ligand which contains both nitrogen and oxygen donor groups, which allows for a
one stage extraction of both trivalent f-element groups followed by a secondary stripping
stage where the actinides are retained in the organic phase by taking advantage of the
more strongly complexing N-donor group.

Initial investigations of mixed N,O-donor ligands were performed using amide
derivatives of 2-pyridine carboxylic acid also known as picolinic acid.’® The bidentate
configuration of these ligands does separate trivalent actinides and lanthanides with a
reasonably high separation factor (SFames ~ 8), however the extraction of these metals
into the organic phase is very poor and decreases with increasing aqueous phase acidity.
The pKa of the pyridine nitrogen in picolinamides is approximately 1.9, and thus the

ligand is highly protonated in acidic media. Protonation of the ligand competes with the
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metal ions for complexation, requiring the addition of high concentrations of a salting out
reagent such as LINOgs in order to get practical distribution ratios. Other amide ligands
such as derivatives of phenanthroline exhibit high separation factors (SFames ~ 20-50),
but also show a significant decrease in distribution ratios due to the ease of

protonation.*®

Figure 2.12: Isomers of EtTDPA ortho (top), meta (middle), para (bottom)

More recently diamides of dipicolinic acid have been studied for their extraction and
separation of the trivalent f-elements in polar organic solvents.'*® % Dipicolinamides are

capable of acting as tridentate ligands with two oxygen donor groups and a central
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pyridine nitrogen. The addition of this second carbonyl group severely inhibits
protonation in highly acidic media with pKgs of approximately 0.14, though this second
carbonyl group lowers the separation achieved to SFames ~ 4-6.2° It was reported that
among other dipicolinamides, three isomers of N,N’-diethyl-N,N -ditolyl-dipicolinamide
(EtTDPA, Figure 2.12) showed the best extractability toward americium with a slight
extraction preference over europium.'*' A synergistic effect was observed in the
extraction of trivalent metals by different dipicolinamides (DPA) in the presence of
CcCD,™? leading to diamides of dipicolinic acid being proposed as a replacement for
CMPO in a modified UNEX solvent with the ultimate goal of the separation of trivalent
actinides and lanthanides.™

Though the extraction of americium and the lanthanides were studied, little work was
done on the chemistry and separation of the actinides from nitric acid solutions by
EtTDPA. The purpose of the following work in this dissertation is to evaluate the
actinide extraction chemistry as well as determine the stability of the ligand when
subjected to hydrolysis and radiolysis and investigate the thermodynamics of metal

complexation with EtTDPA.

2.7. Chemical Equilibria

2.7.1. Equilibrium and Stability Constants
Investigating chemical equilibria during solvent extraction allows for deeper insight

into the nature of the extracted complexes as well as the prediction of the metal
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partitioning under various conditions. For a general neutral solvate extraction in nitric
acid, the reaction would proceed as:

Y(MZ+)(aq) + n(L)(org) + X(Nog)(aq): [Ln ) My(NOE‘T)x] (2.10)

(org)

where z is the charge of the metal cation, and y, n, and x are the stoichiometries of the
metal, ligand, and nitrate anion respectively. Using the definition of chemical activity
{A} = y*[A] where the activity {A} is equal to the product of the concentration of the
species multiplied by the activity coefficient y, the equilibrium constant K of Equation
(2.10) can then be written in terms of the chemical activities of each species raised to

their stoichiometric coefficient as the quotient of the products over reactants:

_ {Ln ' My(NOS)X}
K= M LNo; 1 @11)

Species in the organic phase are often assumed to have activity coefficients of one,
though this is not always a correct assumption depending on the nature of the solvent
extraction system.****> When such situations occur it is commonly corrected by using
solutions of dilute concentrations based on the principle that the activity coefficient of an
analyte approaches one at infinite dilution.**® If there is only one primary species of metal
extracted into the organic phase, Equation (2.11) can be rewritten using the definition of
the distribution ratio from Equation (2.4) to produce Equation (2.12) and its logarithmic

form Equation (2.13):
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D

K= ey rosy (2.12)

logD = log K + nlog{L} + xlog{NO3} + (y — 1)log{M**} (2.13)
Holding all other variables constant and taking the partial derivative of this equation with
respect to a given variable gives the rate of change in the distribution ratio relative to the

change in concentration of that reactant (L in this example):

d(log D)

3ogl) " (2.14)

or in other words the stoichiometric dependence of that reactant on the extracted
complex. This procedure can then be repeated to determine the stoichiometry of all the
participants in the reaction assuming that there are no significant interfering reactions
simultaneously occurring in solution.

The equilibrium constant K describes the extent that an overall reaction will proceed
with respect to the concentrations of its constituents. However, it is often convenient to
define a particular reaction using a stability or formation constant ( rather than K.
Whereas K can refer to a reaction with multiple products and reactants, the stability

constant B refers only to the strength of formation of a complex between two species in
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solution. To illustrate this concept, for the formation of a metal:ligand complex ML

between a generic metal M (charges omitted) and a ligand L:

M+LS ML (2.15)

The equilibrium constant K for this expression as well as the stability constant 3 can be

written as:

(2.16)

For a species capable of forming a second metal:ligand complex the equilibrium constant

K, for the second reaction would be written as:

K, = (2.17)

Since K is a step-wise constant, each stage of the reaction is incorporated into its own
equilibrium constant describing how far that particular step proceeds. However, the
stability constant 3, is the product of all the previous equilibrium constants from the first

to the nth reaction B = K;-Ko...-K, or:

Bn = ﬁKi (2.18)
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giving an overall formation constant in terms of the equilibrium concentrations of the

metal, ligand, and metal:ligand complex:

Bn = (2.19)

2.7.2. Stability Constant Determination

Determination of the metal:ligand stability constants is imperative for modeling the
speciation of chemical systems in solvent extraction. Interactions between the metal ion
and other chemical constituents in solution will affect the extraction of metals by a given
ligand which will be governed by not only the strength of the metal:ligand complex, but
also by the strength of the stability constant between the metal and other ions such as
nitrate or chloride as well.®"™° Various procedures have been applied for the
determination of stability constants including potentiometric, spectrophotometric, and

solvent extraction methods,*?%1%*

though any analytical technique capable of determining
the concentrations of each species at equilibrium can be implemented.

Because the analytical response of an instrument to the metal:ligand complex is often
unknown, a mass balance must be performed to obtain an equation in terms of the
independently known measurable terms. Given a solution at equilibrium, the total

concentration of a metal will be the sum of the individual concentrations of the free metal

and all the metal complexes in solution:

[M]or = [M] + [ML] + [ML,] + ... (2.20)
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By substituting with Equation (2.16), the concentration can instead be expressed in terms

of the stability constants and free metal and ligand concentrations:

[Mlior = [M] + B4 [M][L] + B2 [M][L]* + ... (2.21)

For a system where only a 1:1 complex is formed and [M] and [L] are measurable,
Equation (2.21) is a simple equation where  can be easily solved algebraically. Using
spectrophotometry for instance, the stability constant would be related to the
concentrations of [M] and [L], the extinction coefficient ¢, at a given wavelength of the

free metal and metal:ligand complex, and the total measured absorbance A:

Ay = &[M] + €138, [M][L] (2.22)

Assuming the Lambert-Beer Law remains valid, the dependence of A on various
equilibrium concentrations of [M] and [L] can be obtained and the values of € and B can
be determined. However this calculation can become significantly more difficult when
determining the stability constants and extinction coefficients of multiple species in
solution which exist simultaneously or when using a method where the equilibrium
concentration is given by a more complex equation such as calorimetry. With
calorimetry data, fitting the formation of even a 1:1 complex requires using a complicated

quadratic equation.
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When the concentrations of all species cannot be easily determined independently,
such in the case of having multiple simultaneous equilibria, it is common to use data
fitting software to deconvolute each component’s contribution to the measured data.
Programs such as SQUAD or Hyperquad are based on iterative non-linear least squares
approaches to simultaneously solve multiple unknown values and output various
coefficients such molar absorbances and enthalpies in addition to complex formation
constants.?**?* Computationally these programs are quite powerful and useful for data
fitting, however there have been multiple instances of criticism due to the ease of
obtaining stability constants where researchers will go to extraordinary lengths to add
nonsensical species to their chemical model in order to fit experimental data."** To ensure
that the correct model is being used it is common to validate initial investigations of

stability constant values with a second complimentary technique.
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3. METHODS

3.1. Synthesis of EtTDPA Isomers

X X
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N,N’-diethyl-N,N’-di-(p)-tolyl-
dipicolinamide

Figure 3.1: Synthesis of Et(p)TDPA

Chemicals used in the synthesis of EtTDPA obtained from TCI Co. LTD were of
analytical grade and used without further purification. The synthesis of EtTDPA isomers
was performed as previously published and shown in Figure 3.1.'?° Dipicolinic acid was
boiled in the presence of stoichiometric excess thionyl chloride using a

dimethylformamide (DMF) catalyst under a reflux apparatus until complete dissolution to
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convert dipicolinic acid into its acid chloride analogue. The solution was then evaporated
and allowed to crystalize before being dissolved in dichloromethane. This was followed
by a contact with a 2% HCI solution and then by a saturated sodium carbonate solution to
remove any unreacted or partially reacted dipicolinic acid. The acyl chloride solution
was added drop wise to the desired isomer of N-ethyl toluidene and triethylamine diluted
in dichloromethane, forming the triethylammonium precipitate in the process. 2% HCI
was added to the flask to dissolve the precipitate and also to protonate excess
triethylamine and N-ethyl-toluidene to make them soluble in the aqueous phase. The
aqueous layer was removed and then contacted with a saturated sodium carbonate
solution which was then separated and dried under vacuum. Crystals formed during this
process were then dissolved in mixtures of hot petroleum and toluene. Recrystallized
EtTDPA then went through successive recrystallization steps until the desired purity was

achieved.

3.2.Solvent Extraction

3.2.1. Chemicals

FS-13 was obtained from Marshallton Research Laboratories Inc. (King, NC, USA).
Fresh FS-13 was contacted with a solution of potassium permanganate in sulfuric acid to
oxidize any sulfoxide remaining from incomplete oxidation of the sulfur atom during
synthesis. The solution was then contacted with a sodium bicarbonate solution to

neutralize and strip any acidic products into the aqueous layer.
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The distribution ratios of europium, molybdenum, and technetium were determined
using the radioactive tracers of Eu-152/154, Mo-99, and its decay product Tc-99m
produced by neutron activation of stable europium and molybdenum by the OSU TRIGA
reactor. An activated sample of molybdenum oxide was then dissolved in NaOH and
diluted with 1 M nitric acid. Europium was irradiated as the oxide form and then
dissolved in 1 M nitricacid.

A stock solution of hexavalent uranium with final concentration of 10 g/L of uranium
was prepared by dissolution of uranyl nitrate hexahydrate (Mallinckrodt) in 3 M HNO:s.
From this stock aqueous solutions with a constant concentration 0.5g/L UO,** were
prepared by combination of stock solutions of uranyl nitrate, HNO3; and LiNOs in the
desired ratio of their respective concentrations. Thorium solutions were prepared from the
tetrahydrate nitrate Th(NO3)4-4H,0 in the same manner as described for uranium.

Neptunium-237 was obtained from Oak Ridge National Lab as the oxide form NpO..
This sample was then dissolved in HCI and passed through a column containing a BioRad
AG1 X-10 anion exchange resin to separate any actinide impurities. The column was
rinsed with 8 M HNOg3, followed by 0.3 M hydrazine monohydrate, and 20 mM
hydroquinone. Neptunium was then eluted from the column using 0.36 M nitric acid.
The resulting solution was then heated in the presence of nitric acid and hydrogen
peroxide to destroy any remaining organic impurities then evaporated to dryness and
redissolved in 0.5 M nitric acid. The oxidation state of neptunium was adjusted to
pentavalent by reduction of Np(V1) with dilute hydrogen peroxide followed by extraction

of any remaining Np(IV) and Np(VI) with 30% tri-butyl phosphate solution in n-
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dodecane. The purity of Np(V) was then verified using near-infrared spectroscopy on an
OLIS RSM-1000 spectrophotometer by investigating the Np(V) peak at 980 nm. The
purity of Np(V) was determined to be greater than 99%. After analysis of neptunium,
protactinium-233 was allowed to grow back into the neptunium solution as the daughter
product, in order to determine the distribution of Pa-233 by EtTDPA as well.

Pu-239 was obtained from Argonne National Laboratory as the chloride salt. The
Am-241 impurity was removed by anion exchange chromatography using a Dowex 1X-4
column. Americium was washed from the column with 7M HNOs and Pu(IV) was eluted
with 0.36M HCI. The Pu(1V) chloride solution was evaporated and dissolved in 4 M acid
and adjusted to tetravalent oxidation state by hydrogen peroxide and sodium nitrite.
Purity of the tetravalent oxidation state was confirmed by UV-vis spectrophotometry to

be approximately 99% by the characteristic absorption peak at 475 nm.

3.2.2. Analysis of Distribution Ratios

The aqueous phases were contacted with an organic phase consisted of the desired
concentration of EtTDPA in FS-13 at a 1:1 volume ratio. Prior to extraction, the organic
phase was pre-equilibrated with an aqueous phase of the same composition as for the
extraction experiment, except void of the metal of interest. Experiments were carried out
in 2 mL plastic vials at room temperature (21£1°C). Organic and agueous phases were
vigorously agitated for 4 minutes at room temperature to ensure extraction equilibrium,
split by centrifugation, and aliquots of each phase of the sample was taken for analysis.
Metals with significant gamma ray emissions were analyzed using a Cobra gamma ray
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spectrometer with a 3x3 Nal(TI) well detector using their characteristic gamma ray

energies. All distribution ratios are the result of averaging two or more experiments.
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Figure 3.2: Arsenazo(l1l) complexant dye

Uranium and thorium do not produce significant gamma rays suitable for detection
and required analysis by spectrophotometric methods. The procedure for uranium and
thorium analysis was modified from a previously described method.'?® Arsenazo(lIl)
[(2,7-bis(2,2’-arsonophenylazo)-1,8-dihydroxynaphthalene-3,6-disulfonic acid) Figure
3.2] was used as a spectrophotometric complexation agent. Calibration of the method
was performed using twelve reference solutions with different concentrations of the
hydrated salts of uranyl nitrate or thorium nitrate (4x10™ — 1x102 g/L) and constant
concentrations of Arsenazo(lll). The response was found to be linear in this region. An
aliquot of actinide nitrate stock solution was combined with 0.1 mL of 0.25% solution of
Arsenazo(l11), 0.95 mL of concentrated HNO3, and the required volume of deionized

water to keep the total volume of the reference solution at 2.5 mL and 6 M HNO3. The
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concentrated HNO3 used to prepare these solutions was treated with urea to remove any
traces of HNO; which could interfere with complex formation. The absorbance of the
Arsenazo:metal complex was measured using an Ocean Optics QE65000
spectrophotometer at the wave length of 654 nm and 660 nm for uranium(VI) and
thorium(1V) respectively in 1 cm quartz cuvettes against a 6M HNO3 reference.
Activities of aqueous solutions were modeled using the Specific lon Interaction

Theory (SIT) equation:

, 0.51V]
= zejkmk

logy; = —z; +
&Yj 71+ 1.5VI - (3.1)

where z is the charge of the ion, | is the standard calculation of ionic strength | = 14Xcz®
m is the molality of the ion in solution, and the correction parameter of interaction

between the ions ¢ using known literature values.™*’

3.3. Degradation of EtTDPA

3.3.1. Sample Preparation

For radiolytic degradation experiments the samples of organic solvent containing
EtTDPA were pre-saturated with water or 3 M nitric acid and irradiated in sealed quartz
vials to the desired gamma-ray doses. Samples were irradiated in the Oregon State

University Co-60 irradiator (Gammacell), providing a center-line dose ranging from 0.30-
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0.45 kGy/hr depending on the time frame of the experiment as calibrated by the
manufacturer. A solution of EtTDPA in FS-13 was also contacted with 3 M nitric acid to
account for degradation by hydrolysis over the duration of the irradiation times. Samples
were then prepared for either gas chromatographic analysis or solvent extraction in the
same procedure as described previously then spiked with tracer amounts of either Am-
241 or Eu-152/154 to determine distribution ratios by gamma spectroscopy.

Hydrolysis of EtTDPA at elevated temperatures was performed by the addition of 3
M nitric acid to 0.2 M solutions of EtTDPA. Solutions were then vigorously mixed and
placed in a water bath held at 50 °C for up to 96 hours without separation of the two
phases.  The solutions were periodically vortexed to ensure maximum phase contact
throughout the investigation. Samples were then analyzed by the same procedure as

mentioned previously for radiolysis.

3.3.2. Analysis of Samples
Gas chromatography mass spectroscopy was performed using an Agilent 5975E

equipped with a non-polar 5-DB 30 m column. Samples were diluted to appropriate
levels using dichloromethane and then injected in 1 pL amounts and flushed from the
syringe with dichloromethane. Scans were performed from 35-550 m/z using a
temperature profile of:

= 50 °C held for 5 min

= 1 °C/min for 60 min

= 2 °C/min for 60 min

= 300 °C held for 35 min
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Samples requiring derivatization were performed by mixing a solution of the desired
analyte with trimethylsulfonium hydroxide (TMSH, 0.1 M in methanol) at 40 ° C in
screw cap vials with excess of TMSH account to for methylation of carboxylic and
sulfonic acid groups. After dilution by dichlroromethane methylized samples were
analyzed in the same manner described above.

Infrared analysis of organic phases were performed with a Nicolet 6700 Fourier
transform infrared (FT-IR) spectrometer equipped with a 0.015 mm spacer and AgCl
liquid cells. Samples of the organic phase were injected into the cell using a syringe.
Data for each sample were obtained in the 400 - 4000 cm™ region by collecting 32 scans
each, with a resolution of 2 cm™ and using the spectrum of the solvent FS-13 as a blank.

Thermogravimetric analyses of samples were performed using a Mettler-Toledo TGA
850. Experiments were run by placing samples of EtTDPA in pre-weighed aluminum

pans and heated under air from 25-450 °C at a temperature rate of 5 °C/min.

3.4. Determination of Thermodynamic Constants

3.4.1. Spectrophotometry

Neodymium was obtained from Sigma-Aldrich as the oxide form Nd,O; and as the
trifluoromethylsulfonate salt Nd(SO3;CF3); and was of analytical grade. A working
solution of Nd(CIO4); was prepared by dissolution of Nd,O3 with a slight stoichiometric
excess of dilute perchloric acid and slowly evaporated under heat followed by secondary

dissolution and evaporation steps until only trace amounts of acid remained. Metal
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perchlorate or triflate crystals were then dissolved in HPLC grade acetonitrile. The exact
concentration of Nd** was determined by titrations with ethylenediaminetetraacetic acid
(EDTA) in acetate buffer solution with xylenol orange indicator.'®® EDTA was obtained
from Sigma-Aldrich as a standardized solution.

Solutions of neodymium and EtTDPA dissolved in acetonitrile and held at constant
0.08M ionic strength with Na(ClO,) were examined by UV-Vis spectroscopy. Spectra
were obtained using an OLIS™ RSM-1000 monochromator from 500-700 nm. The
temperature was held constant at 25.0 + 0.1 °C with a Julabo thermostat. The
spectrophotometer was equipped with an automatic titration system that consisted of two
separate syringes containing the metal and ligand solutions. Predetermined amounts of
each solution were drawn into a mixing chamber and mixed before being injected into a 1
cm quartz cuvette for analysis. Enough titrant was added in order to obtain more than a
5:1 ligand metal ratio. Data were analyzed using HypSpec v. 1.1.33 to determine

stability constants for each metal:ligand complex.

3.4.2. Calorimetry

Calorimetric titrations were performed using a TAM Il Microcalorimeter (TA
Instruments) in isothermal mode. Solutions of neodymium triflate dissolved in
acetonitrile were placed in 1 mL titration ampoules as both a reference and reaction
vessel. Injections of EtTDPA isomers were performed by a stepper motor syringe pump.
The instrument temperature was held at a constant 25.0000 + 0.0001 °C during
experiments. Prior to performing titrations the instrument was electrically calibrated

using an on-board power generator and then run in dynamic correction mode to account
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for thermal inertia within the system. Heats of mixing and dilution were found to be non-
significant sources of thermal energy and were neglected during thermodynamic
calculations. Data were collected using TAM Il Assistant software and analysed by

HypDH v. 1.1.11 to determine thermodynamic complexation.

57



4. EXTRACTION OF ACTINIDES AND SELECTED FISSION PRODUCTS

4.1. Molybdenum(V1)

Molybdenum exhibits a very wide range of speciation due to its affinity for oxygen.
Depending on solution conditions Mo can form mono, di-, or polynuclear complexes. At
pH > 7 MoO4* exists as the dominant ionic form with a tetrahedron geometry.'®® As pH
decreases, the coordination number of Mo changes from 4 to 6 forming an octahedral
complex. Depending on the concentration of molybdenum, a wide variety of polymeric
species such as MozO11* and HMo,40+5> can form under these conditions.**

With decreasing pH the formation of these polynuclear species is greatly inhibited.
Thermodynamic analysis of increasing acidity reactions show increasing coordination
number as the molybdate ion is continuously protonated.’** The tetrahedral MoO,*
becomes protonated to HMoO, before formation of the octahedral diprotonated species
[MoO,(OH),(H20)]. Further protonation forms the dioxomolybdenum ion through the

reaction:

[M0O,(OH)2(H20),] + H™ 5 [M0oO2(OH)(H,0)s]" (4.1)

Equilibrium data obtained in 2 M HCIO,4 shows that at pH < 0 the [MoO,(OH)(H20)s]"
cation will be the dominant species, with more than 90% of molybdenum in this
configuration.**

It was reported previously that molybdenum is not extracted by TBP from nitric acid,

but is well extracted from hydrochloric acid.™*® X-ray absorption near edge structure
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(XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopic
techniques have confirmed that there is no coordination of the molybdyl cation by
sulfuric, perchloric, or nitrate anions in their respective acidic solutions.”** In
hydrochloric media the dioxomolybdenum ion undergoes formation of chloride

complexes while maintaining the tetrahedral coordination:

[M0O(OH)(H0)s]" + CI' 5 [M0oO»(OH)CI(H0).] (4.2)

[M0oO,(OH)CI(H,0),] + CI" + H'S [MoO,Cl,] + 3H,0 (4.3)

Vibrational spectroscopy data confirms that the [MoO,(OH)CI,(H,0),] complex is the
prevailing molybdenum species in solutions of hydrochloric acid at pH < 0.*3 Once the
neutral MoO,Cl; species is formed it can then be extracted by TBP or other complexants.

The results of extraction of molybdenum with isomers of 0.2 M EtTDPA at various
nitric acid activities are plotted in Figure 4.1. Distribution ratios for all isomers of
EtTDPA show no significant change with nitric acid concentrations greater than 2 M.
Data obtained for 1 M HNO; shows slightly higher distribution ratios for Et(m)TDPA
and Et(p)TDPA, possibly from formation of a cationic or anionic species other than the
MoO,** ion though this value is within the error of the other data sets. Extractions of
molybdenum were then repeated using a 3 M nitric aqueous phase and varying the
concentration of EtTDPA in the organic phase. As seen in Figure 4.2 no dependence on

the EtTDPA concentration is observed from these conditions. Log-log analysis of these
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data gives a solvation number of n=0 in both cases, indicating that the MoO,*" is a non-

extractable molybdenum species in nitric acid.
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Figure 4.1: D(Mo) as a function of nitric acid activity with 0.2 M EtTDPA in FS-13

These extractions were then repeated using LiINOjz to increase the nitrate
concentration without increasing acidity. Each EtTDPA isomer showed little difference
in extraction capability in nitric acid, so only extractions with the Et(p)TDPA isomer
were performed. The obtained distribution ratios are plotted in Figure 4.3. Again, there
was little to no effect of the total nitrate concentration at constant acid on the
extractability of Mo. However, the distribution ratios do show a decrease compared to
the same total nitrate concentration for acid with no added LiNO3. This can be explained

because EtTDPA extracts nitrate from the aqueous phase into the organic. The addition
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of LINO;3 acts as a salting out reagent for aqueous NOj3 ions, increasing the organic
nitrate concentration. The presence of these nitrates lowers the affinity of molybdenum
for the organic phase even further, thereby decreasing the allowable concentration of

molybdenum species in the organic phase.

0.5
0.3 - ¢ Et(0)TDPA
[ |
01 | Et(m)TDPA
Et(p)TDPA
-0.1 -
-0.3
~~ n r'Y
S 05 u = . S
()
3 -0.7
-0.9
1.1
1.3
_1.5 T T T
-1.4 1.2 -1 -0.8 -0.6

log [EtTDPA]
Figure 4.2: D(Mo) as a function of EtTDPA concentration at 3 M HNOg3 in FS-13
Typically oxalic acid is added to the aqueous phase in order to prevent Zr and Mo co-
extraction. In comparison to recent TODGA results, much lower distribution ratios are

observed for molybdenum by using EtTDPA as an extractant.*

Without the presence of
oxalic acid, TODGA distribution ratios are larger than EtTDPA by a factor of 10. Only
by addition of oxalic acid are the extraction capabilities made similar. Therefore

EtTDPA can be used to preferentially extract other metals with larger D values such as
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americium without requiring oxalic acid to be added to PUREX raffinate to prevent Mo

co-extraction.
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Figure 4.3: D(Mo) at constant HNO3 and added LiNO3z with 0.2 M Et(p) TDPA

Extraction data for Et(p)TDPA was also obtained in HCI agueous media. As can
been seen in Figure 4.4, increasing the HCI concentration has a profound effect on the
distribution ratio of molybdenum compared to nitric acid. The large difference in trends
can be explained by the CI” ion having a larger affinity for the MoO,** cation at acid
concentrations larger than 1 M compared to NO3. These HCI and nitrate values for
EtTDPA show similar extraction capabilities of Mo compared to TBP data as previously
reported by Tkac et. al.*® Molybdenum is not extracted in higher nitric acid
concentrations for either EtTDPA or TBP. However, at hydrochloric acid concentrations
greater than 1 M, molybdenum is well extracted by both EtTDPA and TBP. Slope
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analysis of the distribution ratios gives a solvation number for CI" of approximately 2 at >

1 M HCI This indicates that the reaction goes as:

[M0O»(OH)CI(H,0),] + H + CI + nEtTDPA S [M0O,Cl, EtTDPA,] + 3H,0

(4.4)
analogous to the results produced using tri-butyl phosphate as the extractant.
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Figure 4.4: Comparison of D(Mo) by Et(p)TDPA between HCI and HNO3 aqueous
phases

4.2.Technetium(VI1)

The pertechnetate (TcO4) anion competes with nitrate ions for complexation with
neutral solvate ligands and is the basis of several new methods being developed for

pertechnetate separation.’® Data has been previously obtained for Tc extraction from
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nitric acid with TBP in n-dodecane.™® It was found that the extraction of technetium with

TBP proceeds by the mechanism:

TcO4 + H' + 3TBP S [HTcO, TBP3] (4.5)

Regardless of TBP concentration, distribution ratios increased with increasing acidity
until 0.6 M HNO3; was obtained, followed by a steady decline at higher acidity. This
effect is owed to the lower frequency of dissociation of the HTcO,4 molecule at these high
acidities, allowing for extraction of the neutral molecule [HTcO,TBP3]. At higher nitric
acid concentrations pertechnetate competes with nitrate for H* ions, which would then

proceed by ion exchange to extract nitric acid in the form:

[HTcO,TBP3] + NOs” S [HNO3TBP3] + TcOy (4.6)
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Figure 4.5: D(Tc) as a function of acid activity with 0.2 M EtTDPA in FS-13

Figure 4.5 shows the results of extraction of technetium with isomers of 0.2 M
EtTDPA at increasing nitric acid concentrations. As can be seen in the figure there is a
decrease in the distribution ratio of technetium with increasing acid concentration. This
shows that there is indeed an ion exchange process occurring between the nitrate and
pertechnetate ions similar to that observed using TBP as the extractant.

Since Et(p)TDPA showed higher relative extractability at most nitric acid
concentrations it as once again used to examine the extraction behavior at constant
acidity by addition of lithium nitrate and thus limiting competitive reactions between
pertechnetic and nitric acid as described in Equations (4.5) and (4.6). Figure 4.6 shows a

log scale plot of D(Tc) vs. total NO3™ activity exhibiting a linear decrease with slopes of
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approximately one. Initially the effect of additional nitrate causes a salting out effect of
technetium from the aqueous phase resulting in larger distribution ratios. However, when
the nitric acid concentration is increased further there is a significant drop in the
extraction capability due to the more favored formation of the extractable nitric acid

molecule, leading to less free ligand and ultimately lower distribution ratios.
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Figure 4.6: D(Tc) at constant HNO3 and added LiNO; with 0.2 M Et(p)TDPA in FS-13

The effect of adjusting the concentration of EtTDPA is shown in

Figure 4.7. Slope analysis shows constant increasing technetium distribution ratios
for all isomers of EtTDPA with solvate numbers for ortho, meta, and para also of
approximately one. These solvation numbers indicate that unlike molybdenum,

technetium is extracted by EtTDPA in low nitric acid conditions, but is replaced at higher
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nitrate concentrations due to a lower binding affinity compared to NO3". The mechanism

of extraction should then be analogous to equations (4.5) and (4.6) giving:

TcO4 + H' + EtTDPA S [HTcO4EtTDPA] 4.7)

[HTcOL,EtTDPA] + NO3” S [HNO3SEtTDPA] + TcO4 (4.8)

with the effect of additional nitrate driving the reaction in equation (4.8) to the right.
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Figure 4.7: D(Tc) from 3 M HNO3 with 0.05-0.20 M EtTDPA in FS-13

4.3.Uranium (VI)
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In aqueous media, uranium(VI1) primarily exists as a linear dioxocation with charge
2+ (UO,*). The tetravalent U*" cation can be produced but is of little concern in most
modern fuel reprocessing schemes. The stability of the uranium-oxygen bonds constricts
the geometric complexation conformations to the planar equatorial region.*
Uranium(VI) bonding mechanisms are mostly ionic and favor complexation through
oxygen donor atoms. Previous studies of monoamide extraction**® show that at mild

acidic conditions these extractants (L) complex UO,*" through the reaction mechanism:

UO,** + 2 NO3 + 2L 5 [UO,(NO3),] 2L (4.9)

When complexation occurs, the charge of the metal cation is compensated with the
anionic charge of nitrates in the extracted complex. The single carbonyl group of
monoamides facilitates the extraction of the uranyl ion, requiring a charge balance from
the two nitrate ions as well as two extractant molecules.

Diamides of dipicolinic acid contain two amide groups in an easily accessible
geometry and thus have the ability to act as a tridentate neutral ligand extractant.*>"*¥
The complex is formed by two carbonyl groups and the pyridine nitrogen. The effect of
varying EtTDPA concentration at constant nitric acid is shown in Figure 4.8. Ortho,
meta and para isomers show similar extraction capabilities for U(V1), and log-log slope
analysis gives solvation numbers of n(EtTDPA) = 1.17 + 0.03, 1.10 + 0.02, and 1.08 £

0.04 for ortho, meta, and para isomers, respectively. These findings indicate that one

EtTDPA molecule is suitable to perform the extraction.
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Figure 4.8: Uranium extraction from 3 M HNOj3 as a function of EtTDPA concentration

Extraction of uranium increases with HNO3 concentration for all isomers of EtTDPA.
The distribution ratios of uranium with 0.2 M EtTDPA in FS-13 are displayed in Figure
4.9 as a function of the activity of total nitrate in the extraction system. According to the
reaction mechanism in Equation (4.9), it should be expected that the solvation numbers
have values of close to 2. Two molecules of nitrate were found in the solid uranyl
Et(p) TDPA analyzed by FTIR and single crystal XRD.*® However, the log-log analysis
of the extraction data gives a solvation numbers of n(NO3) = 3.27 £ 0.13, 2.94 + 0.11,
and 2.91 + 0.12 for ortho, meta, and para respectively. Therefore, the three nitrate groups
indicated by these plots suggest that an additional molecule of nitric acid can be solvated
with diamide as well as the two nitrate ions required for charge neutrality. The extraction
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of an additional molecule of nitric acid has been observed previously with N-donor

ligands as well as other amidic extractants.®%
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Figure 4.9: Uranium extraction with 0.2 M EtTDPA from nitric acid as a function of

nitrate activity

Uranium extractions were repeated using LiINOjz to adjust the total nitrate
concentration, at a constant H® concentration, in order to determine the nitrate
dependence. Since all isomers showed similar extraction capabilities for UO,?*, nitrate
dependence was investigated with only the para isomer. Distribution ratios measured at a
constant 1 M H* and varying nitrate concentrations indicate increasing values with higher
NO;" activities as seen in Figure 4.10. Further increasing of the initial nitric acid

concentration then lowers the distribution ratio due to the increased formation and
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extraction of nitric acid. From these data it can be concluded that under these conditions,

EtTDPA primarily extracts the uranyl ion in the form:

U0, + H' + 3NO5 + EtTDPA 5 [UO»(NOs),(HNO3) E{TDPA] (4.10)

This is consistent with the preferred coordination number of six for uranium.’* The
uranium appears to only be strongly coordinated by two of the three possible donor sites
of EtTDPA (one nitrogen and one oxygen atom), with the remaining site participating in

the extraction of the nitric acid molecule.
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Figure 4.10: Uranium extraction with 0.2 M Et(p) TDPA from nitric acid and lithium
nitrate as a function of nitrate activity
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According to Musikas et. al. the existence of the acidic complexes can be observed as
the result of competition between the amide and nitrate ions for the metal coordination
sites with the amide favoring the neutral complex, and amide and NO;" ions for the
proton.®*  As such, metal-amide affinity also has to be considered for the formation of
acidic complexes. Extracted nitric acid coordinates with the C=0 of amidic extractants
through hydrogen bonding. The infrared spectra of 0.2 M Et(p) TDPA solutions in FS-13
saturated with HNOj3 and LiNOj3 are shown in Figure 4.11 (spectra are offset for clarity).
Spectra b and ¢ exhibit a much broader carbonyl peak about 1650 cm™ compared to
Et(p)TDPA prior to extraction. At constant H* and varying LiNOs, small but non-
significant changes in the overall shape of this peak were observed. The widening of the
carbonyl band is therefore a consequence of formation of more HNO3; molecules by
addition of H* and not simply an effect of additional NO3". Thus, the IR data indeed
suggests that HNO; interacts with the amide carbonyl group through hydrogen bonding

as indicated by Equation (4.10).
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Figure 4.11: Infrared Spectra of 0.2 M Et(p)TDPA in FS-13 a. before saturation, b.
saturation with 2 M HNOz and 1 M LiNO3, ¢. 2 M HNO3z and 4 M LiNO3

The infrared spectrum of the uranium-diamide complex in the organic phase was also
obtained. Figure 4.12 shows a comparison of the metal:ligand complex to that of pure
ligand after subtraction of the solvent spectrum (again offset for clarity). As expected, a
large shift is observed for the carbonyl absorption band from 1654 to 1620 cm™ due to
the complexation of uranium with the C=0 groups of Et(p)TDPA. An absorption peak
for the U=0 vibrational stretch of the complexed UO,** cation was observed at 945 cm™
(not shown). These results are consistent with previously published amide extraction

data.}*
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Figure 4.12: Infrared spectra of organic phase before and after UO,*" extraction with
Et(p) TDPA

4.4. Neptunium(V)

Neptunium is capable of existing in three stable oxidation states when present in
nitric acid media.'*> The possible three valences are Np(IV), Np(V), and Np(V1), with
tetravalent neptunium existing as the bare Np** cation, while the Np(V) and Np(VI)
states exist as the NpO," and NpO,** cations respectively. Disproportionation of the
pentavalent state results in the formation of both the tetra and hexavalent species with a

143

fourth order dependence on acidity ™ as given by:

74



2NpO," + 4H" 5 Np** + NpO,** + 2 H,0 (4.11)

In nitric acid, tetravalent neptunium is thermodynamically unstable'**

and susceptible to
oxidation to the hexavalent state by both nitric acid and the concurrent presence of

nitrous acid by the mechanisms:

3Np** + 2HNO; + 2 H,0 S 3NpO,> + 2NO + 6H* (4.12)

Np** + HNO, + H,0 & NpO,** + NO + 3H* (4.13)

This process is generally kinetically inhibited due to the transformation of the Np** to the
oxygen bearing NpO,**. However, the spent fuel dissolution process in hot nitric acid
significantly increases the kinetics of this oxidation.” The end result is Np(V) and
Np(VI) being the more relevant forms under typical aqueous solvent extraction
reprocessing conditions (3-4 M HNO3).2*1%

Like the hexavalent uranium UO,?* ion, the linear geometries of the penta and
hexavalent states constrains the coordination environment to the planar equatorial region
of these cations.™*’ In typical neutral solvent extractants such as TBP, neptunium is nearly

inextractable as the pentavalent form while hexavalent neptunium is extracted

efficiently.”® The expected extraction mechanisms for EtTDPA should follow as:

NpO," + nEtTDPA + NO;™ S [NpO2(NO3)| nEtTDPA (4.14)
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NpO,>* + nEtTDPA + 2NO3” 5 [NpO2(NO3), I nEtTDPA (4.15)

with one and two nitrate molecules being extracted per neutral complex into the organic
phase for penta and hexavalent neptunium respectively.

Other ligands including diamidic complexants have been shown to cause redox
changes of the neptunium speciation upon contact.***'#” Changes in the redox chemistry
could have profound effects on the distribution of neptunium in a solvent extraction
scheme. To evaluate this possibility the near-IR spectra of mixed solutions of Np(V) and
Np(VI) in 3 M nitric acid before and after contact with EtTDPA in FS-13 were obtained
and are shown in Figure 4.13. Prior to contact with EtTDPA only Np(V) (980 nm) and
Np(VI) (1225 nm) were present, with the majority of the neptunium in solution in the
form of Np(V1).1*® Upon contacting with an equal volume of 0.2 M EtTDPA in FS-13 an
immediate color change of the aqueous solution could be visibly seen when mixing was
initiated. This reaction is extremely rapid and experiments showed that there were no
further changes in the spectra after as little as 30 seconds at 20° C. Post contact analysis
of the aqueous phase shows nearly all Np(VI) is reduced to Np(V) with little to no
detectable Np(IV) content. Np(VI) therefore acts a strong oxidant for EtTDPA
converting most to the less extractable pentavalent state, though a portion does remain in
the more extractable hexavalent form. Due to these results, only the extraction of Np(V)

by EtTDPA was evaluated.
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Figure 4.13: Near-IR spectra of Np solution before and after contact with Et(p) TDPA

The extraction of Np(V) by 0.2 M solutions of EtTDPA isomers in FS-13 from
increasing nitric acid conditions is shown in Figure 4.14 as a function of the nitrate
activity. At lower acidities the meta- isomer shows the largest distribution ratios up to 3
M HNOg, while Et(p) TDPA is the lowest across the entire range of acidities investigated,
which was also observed in a previous study on americium extraction.'® This trend is
different than that which was previously observed for uranium, where Et(p)TDPA
exhibited the highest distribution ratios and Et(m)TDPA was nearly identical in
extraction capability between 1-5 M nitric acid. However, in the studies of uranium (V1),
neptunium (V), and americium (I11), Et(o)TDPA begins with only slightly higher
extraction capability than Et(p)TDPA at 1 M nitric acid but then increases at a greater
rate than either Et(m)TDPA or Et(p) TDPA with increasing acidity. The distribution ratios

for Et(0) TDPA surpass that of both meta- and para- isomers at greater than 3 M HNOs3.
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Using log-log analysis of the nitrate activities and Dy Vvalues gives solvation
numbers of 1.30 = 0.05, 1.02 + 0.07, and 1.19 + 0.13 for ortho-, meta-, and para-
EtTDPA respectively, again showcasing the greater ability of Et(0)TDPA for Np(V)
extraction at higher acidities. These results confirm that which was expected from
equation (4.14), where one nitrate is extracted per EtTDPA:Np(V) complex. Unlike with
uranium(V1), no additional molecule of nitric acid is observed, possibly due to the lower
coordination number of the pentavalent dioxocation. Spectral analysis of the organic
phase does show evidence of some disproportionation of Np(V) to Np(1V) and Np(VI),
with minute quantities of Np(IV) detectable at acidities greater than 3 M nitric acid,

explaining the slight increase in the distribution coefficient at higher acidities. However,
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Np(V) remains the dominant extracted species and no Np(VI) was observed due to the
fast reduction of Np(V1) by EtTDPA. As was also expected, the distribution ratios for
Np(V) were not particularly large, with nearly ten times less extraction yields than those
observed for U(V1) or Am(I11) at 3 M HNO3.*® In comparison to other known extraction
systems, the organic solvent system based on the FS-13 diluent and any of the three
EtTDPA derivatives extract Np(V) significantly better than 30% tributyl phosphate
(TBP) in n-dodecane with D values nearly 100 times those obtained with the PUREX
solvent,” and approximately three times more than a 0.22 M solution of the di-isobutyl

form of CMPO in decane.**
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Figure 4.15: Extraction of Np(V) by variation of Et(0)TDPA concentration from various
nitric acid concentrations
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Figure 4.15 displays the extraction of Np(V) with increasing Et(0)TDPA
concentrations at different acidities. The first point of the 1 M HNO3 line was omitted
due to the extremely low distribution of Np into the organic phase at these conditions,
with count rates in the Np-237 window never being relatively larger than those observed
as background. At all nitrate conditions the distribution ratios raise with increasing
diamide concentration. However, what can be noticed immediately from the figure is
that only the data obtained at 1 M HNO3 consists of a straight line, with a slope of 0.98 +
0.07. A similar slope at this concentration was also obtained for Et(p)TDPA (Figure
4.16) with a value of 0.96 + 0.04. Beginning at 3 M HNOj the slope begins to decrease
to a value of approximately 0.33, until the maximum concentration of EtTDPA that could

be easily solvated in FS-13 was reached.
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Figure 4.16: Extraction of Np(V) by variation of Et(p)TDPA concentration from various
nitric acid concentrations

To determine if this was simply an effect of acidity, the extractions were also
performed with 1 M HNOj3 and 2 M LiNOs, also shown in Figure 4.15. The data follows
the exact trend as seen with 3 M HNOg, albeit with slightly higher distribution ratios due
to the salting out effect of the lithium nitrate. It can also be assumed this is not due to a
change in oxidation state of neptunium at these conditions, because as stated previously
Np(V) is well known to be the least extractable species of the three nitric acid stable
species of neptunium by neutral extractants. If any disproportionation or oxidation to

either Np(1V) or Np(VI) was occurring then an increase in distribution ratios would be

observed instead. The extraction for 5 M HNO3 appear to begins with a similar slope as
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the end of the 3 M line but then begins to show increasing distribution ratios. This is
most likely disproportionation to Np(IV) and Np(VI) which is favored at higher acidities.

A similar effect to that observed in the 3 M nitrate data was also seen previously by
Wisnubroto et. al. when varying amounts of TBP were introduced concurrently with the
main extractant CMPO.'*® The effect was explained by the addition of a polar molecule
like TBP lowering the activity of CMPO by causing dipole-dipole interactions between
the TBP and C=0 and P=0O groups of CMPO, causing a decrease in affinity for the
already weakly complexed Np(V). Though two extractants were not specifically used in
the present work, the solvent FS-13 was chosen for its polarity among other qualities.®®
It’s possible that the increasing concentration of EtTDPA lower the solvation power of
FS-13 thus causing a drop in the affinity of the weakly bound neptunium ion for the
organic phase. Another possibility is aggregation of the ligand due to protonation, which
has been shown to occur in neutral N-donor extractants where protonation of one of the
ligands in the organic phase by nitric acid is followed by aggregation of the ligands into
dimer and even trimer species.?®**Aggregation would cause a drop in the amount of free
ligand available for complexation leading to the observed decrease in ligand

stoichiometric dependence.

4.5. Protactinium(V)

The literature regarding the chemistry of protactinium is filled with several

discrepancies of its behavior in aqueous solution with a vast majority of the studies taking
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place in the late 1950s and early 1960s.***° Keller describes the difficulties in the study
of protactinium chemistry®® as the result of “inadequacies in our handling of hydrolytic
phenomena and HF solutions.” Results are not only conflicting but there are often
difficulties with reproduction of one’s own findings.™"

The most predominant oxidation state in aqueous solution is Pa(V), though Pa(lV) is
considered stable in highly acidic media.'® 1t would be expected that Pa(V) would be
present as the PaO," ion as is formed by the other pentavalent actinides. However, there
is evidence that shows either this species is not formed, or has very different chemical
behavior than the rest of the actinyl ions and is more readily hydrolyzed.™® The
prevailing belief is that in complexing mineral acids such as nitric acid of lower

concentration (0.5 M < H* < 1 M) protactinium is readily hydrolyzed in the form:

Pa>* + nH,0 + mX S [PaO(OH)(X)m]”™™ + nH* (4.16)

where n > 2, m <4, and X is the singly charged conjugate base of a mineral acid. Species
such as PaO(OH)?*, PaO(OH),", and Pa(NO3)** have also been reported in this acid and
nitrate concentration range with successive nitrato complexes forming upon increasing

nitrate concentrations and forming anionic complexes at greater than 4-5 M nitric acid.*®
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Figure 4.17: Comparison of Np (solid) and Pa (dashed) extraction by Et(p) TDPA

This hypothesis of ligand interaction seen with neptunium is supported by
extraction data obtained for protactinium, which like neptunium primarily exists as the
pentavalent species. A comparison of the extractions of both Np and Pa with increasing
Et(p)TDPA is given in Figure 4.17. At 1 M nitric acid both metals are nearly perfect
parallels within standard deviation, with a slope of 0.98 + 0.03 for protactinium compared
to the 0.98 + 0.07 for neptunium. However, Et(p) TDPA shows higher affinity for Pa,
with distribution ratios are approximately 1.5 times larger than those obtained for Np. At
3 M HNO;3; one can immediately see the deviation which appears in the Np curve

particularly after the third point in the trend. The Pa curve instead remains constant much
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longer, with a slope of 0.94 = 0.06 until after the fourth point where linearity finally
begins to break. If the hypothesis of ligand interactions is credible, then it should be
expected that a cation for which EtTDPA has a stronger affinity would be able to resist

these interactions until greater ligand concentrations, which is indeed observed in these

trends.
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Figure 4.18: Extraction of protactinium by 0.2 M EtTDPA from nitric acid solutions

The extraction dependence of protactinium(V) on the nitric acid activity is shown in
Figure 4.18. Like neptunium(V) a nitrate dependence of one was found with Et(m)TDPA
and Et(p)TDPA, while the same trend in other extractions for the slightly higher nitrate

dependence for Et(o0)TDPA was observed but was still close to a value of one. Since
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Pa(V) is considered to not form the PaO," protactinyl ion these nitrate values indicate the

extracted species as the PaO(OH)," ion with the mechanism:

PaO(OH)," + EtTDPA + NO3 S PaO(OH)(NO3) [EtTDPA] (4.17)

4.6. Thorium(1V)

Unlike the other actinides, the oxidation state chemistry of thorium is drastically
simpler, with the only stable form in aqueous solution being the tetravalent Th** ion.
Because of the large charge associated with the thorium cation, thorium is highly

4-x

susceptible to hydrolysis. Th(OH) ™ species begin to form readily in appreciable
amounts at pHs greater than 2, while thorium will undergo polymerization reactions
above pH 3.1°% By keeping the nitric acid concentration greater than 1 M the contribution
of thorium hydroxide or polymeric species should be negligible.

Thorium is known to have a strong affinity for oxygen donor atoms,™* which should

mean high extraction yields with EtTDPA with the expected mechanism of extraction:

Th** + nEtTDPA + xNO; S [(EtTDPA), - Th(NO3),]*™* (4.18)

The distribution of Th into increasing EtTDPA concentrations from 3 M nitric acid is
given in Figure 4.19. As expected the extraction yields are extremely high compared to
those of the studied actinide cations. Thorium distribution ratios of greater than 1 are

reached at 0.3 mM for both Et(m)TDPA and Et(p)TDPA compared to the least
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extractable actinide neptunium(V) which requires a nearly saturated solution of EtTDPA
in FS-13 to achieve this level of extraction. Et(o)TDPA shows the lowest capability for
extraction, with D¢y values of approximately 7-8 times less than Et(m)TDPA and 4-5
times less than Et(p)TDPA for all identical concentrations. The solvation numbers
obtained from slope analysis are 1.80 + 0.07, 1.95 + 0.08, and 1.92 + 0.03 for
Et(o)TDPA, Et(m)TDPA, and Et(p)TDPA respectively. These numbers indicate that
there are two molecules of EtTDPA extracted into the neutral ligand complex per thorium
ion. This result is slightly higher than other diamidic extractants (1.31 for N,N,-
dimethyl-N,N,-dihexyl-3-oxapentanediamide ) however this may be a result of the more

rigid structure of ETDPA limiting the spatial conformations around the Th cation.**®
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Figure 4.19: Extraction of thorium with EtTDPA from 3 M HNOg in FS-13
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For determination of the nitric acid dependence, a concentration of only 0.001 M
EtTDPA was used for extraction rather than the 0.2 M EtTDPA used in all previous
experiments. The high extractability of thorium limited the range of conditions that could
be studied, as lower amounts of EtTDPA could not contain high enough metal to ligand
ratio to ensure completion of the extraction mechanism, while higher concentrations of
EtTDPA led to thorium extraction beyond the sensitivity of the Arsenazo (llI)
spectrophotometric method. The distribution ratios obtained from these measurements
are shown in Figure 4.20. After 3 M HNOj3, these values approach a maximum at 5 M
HNO;3 and then begin to decline as EtTDPA begins to preferentially extract nitric acid

over thorium.
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Figure 4.20: Thorium extraction with 0.001 M EtTDPA from nitric acid
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As was seen in the ligand dependence experiments Et(0)TDPA again showed the
lowest extraction capability for thorium.  Unlike the other actinide extraction
experiments, ortho did not surpass the extraction capability of meta- or para- EtTDPA at
higher nitric acid conditions. The reason for this general behavior with Et(o)TDPA or
why it does not occur with thorium is unknown. Based on the neutral extraction implied
by Equation (4.18) it is expected that a nitrate value of approximately x = 4 should be
obtained to balance the tetravalent ions charge, but this was not observed. Nitrate
solvation numbers with each EtTDPA isomer are approximately 3. This non-ideality is

discussed further in Section 4.8.

4.7. Plutonium(1V)

The primary oxidation state of plutonium in acidic aqueous conditions, such those
during fuel reprocessing, is the 4+ tetravalent state. Like thorium, the plutonium Pu** ion
is highly susceptible to hydrolysis and polymerization reactions at higher pH.'*31%®
Unlike thorium the oxidation state behavior of plutonium varies greatly with possibility
of having the 3+, 4+, 5+, and 6+ oxidation states existing simultaneously in
solution.™"**® The reasons for this can be seen by the Latimer diagram in Figure 4.21
where the redox potentials of the 3+ to 6+ states are all approximately 1 V vs. standard

hydrogen electrode.**®
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Figure 4.21: Plutonium redox potentials vs. SHE for 1 M HCIO,4

To complicate matters further, several of the available oxidation states also undergo
disproportionation depending on the conditions of the aqueous phase. The bare Pu** ion
disproportionates at low acidity to form Pu(lll) and Pu(V); Pu(V) will also react with
Pu(IV) to form Pu(lll) and Pu(V1).**® These reactions are summarized in the following

equations:

2Pu* + 2H,0 S Pu** + PuO," + 4H" (4.19)

PuO," + Pu*" 5 PuO,?* + Pu®* (4.20)

By keeping plutonium at higher acidities the tetravalent oxidation state is more stabilized,
but autoradiolysis of nitric acid solutions by plutonium causes the production of hydrogen
peroxide and nitrous acid which present further complications in controlling the
plutonium speciation.®***  Since the primary oxidation state of plutonium in dissolved
fuel is tetravalent, all extraction experiments where done with plutonium chemically

adjusted to Pu*".
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Figure 4.22: Plutonium(1V) extraction by EtTDPA from 3 M HNOj3 in FS-13

Extraction of plutonium(1V) by 0.001-0.05 M EtTDPA from 3 M nitric acid is shown
in Figure 4.22. Slopes of approximately one were obtained for all isomers, however, as
in the case with thorium, were slightly higher for Et(m)TDPA with a value of 1.10
compared to 1.05 and 0.99 for Et(0)TDPA and Et(p)TDPA respectively. These values
are close enough to the integer values to consider one molecule of EtTDPA per extracted
plutonium complex. This is one less EtTTDPA molecule per complex than seen in
extractions with the tetravalent thorium ion. The reason for this is likely attributed to the
decreased ionic size of Pu** (88.7 pm) relative to Th* (97.2 pm) where the smaller Pu**

ion can no longer accommodate coordination by a second EtTDPA ligand.*®
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Attempts to quantify plutonium’s extraction dependency on the nitrate activity proved
to be very difficult. Experiments could be reproduced when varying the nitric acid
content of the aqueous phase only up to 3 M nitric acid. This is unrelated to the
extraction changes seen with neptunium and protactinium, as they were only observable
with variable ligand concentration. Beyond this acidity experiments were not repeatable
despite holding all other variables constant. As such only points below this value were
used to determine the nitrate solvation numbers and the results are discussed in Section
4.8.

It is unknown why such difficulty was seen when trying to replicate experiments. A
likely reason would be oxidation state changes caused by the varying acidities required
for such an investigation. Beyond 3 M nitric acid the activity dependence on the
distribution ratio of the extracted complex varied from two to as much as six when a
linear trend could be calculated, with the distribution ratios themselves varying by more
than an order of magnitude. Since the most extractable species should correspond to the
initial oxidation state of Pu(lV), any change in oxidation state should cause a decrease in
the extraction rather than an increase. The stock solution of Pu(IV) was contained in 1 M
nitric acid where it was found to be stable for weeks at a time. According to Equation
(4.19) increasing the acidity should have promoted the formation of Pu(lV) as well. Thus
although this may have been a factor it cannot be the sole cause.

Attempts were also made to hold acid strength constant and vary the total nitrate
concentration by the addition of lithium nitrate. This increased the reproducibility of the

extraction data and seemed to suggest coordination of nitrates similar to that with
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thorium, but again the variance in distribution ratios is too large to be certain. The
increasing tendency of plutonium to form the hexanitrato Pu(NOs)s> anionic complex at
greater than 3 M nitric acid could also be a cause for the unexpected extraction behavior
with EtTDPA.'®® Regardless of the reason for this erratic behavior, using the standard
concentration of 0.2 M EtTDPA would result in quantitative extraction of plutonium(I1V)

from nitric acid solutions of approximately 3 M.

4.8. Non-ldeal Extraction Behavior

Up until Section 4.6 regarding the extraction behavior of thorium, an assumption was
made that the quantity D in the distribution coefficient contained only two species of
metal: free hydrated ion in the aqueous phase and the metal:ligand complex in the organic
phase. This assumption greatly simplifies calculations and is reasonably valid in non-
complexing media or with metals which are not prone to forming complexes with the
anions in the aqueous phase, such as between the uranyl or neptunyl ions and nitrate.
However, the tetravalent and trivalent actinides have significantly more inner sphere
complexation with nitrate and therefore a more rigorous calculation of the solvation
numbers must be performed including the competition between the nitrate and ligand for
the metal ion. Starting with an algebraic manipulation of Equation (2.12) and assuming
the organic and water coefficients behave ideally, one can eventually arrive at the

expression:
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_ Du(1 +2B;{NO3}")
— {LIM{NOz K (4.21)

where Dy is the distribution ratio of the metal ion, and f is the stability constant of the
metal anion complex up to formation of the i species in solution.*** Using literature
stability constant values (B; = 1.33 and B, = 0.88 for Am** log p; = 0.67 for Th** and log
B1 = 0.74 and log B, = 1.37 for Pu*")*®1° the distribution of metals can be plotted as the
numerator of Equation (4.21) versus nitrate activity to obtain new nitrate dependencies
with values of nearly exactly 3 and 4 found for Am**, Th**, and Pu** in perfect agreement

with expected values.

4.9. Separation from the Lanthanides

Because the basis for the research of EtTDPA is the separation of the elements in
used nuclear fuel, it is of importance to compare the extraction of the elements studied
here to other metals which consist of significant amounts, namely the trivalent actinides
and lanthanides.” The separation of the actinides studied in this work from the
lanthanides by isomers of 0.2 M EtTDPA from 3 M nitric acid are shown in Figure 4.24,
Figure 4.24, and Figure 4.25 for Et(0)TDPA, Et(m)TDPA and Et(p)TDPA respectively.
The separation by Et(m)TDPA is nearly identical to Et(p)TDA, with the exception of
Pu(IV). In previous studies it was shown that Et(0)TDPA had the highest distribution

ratio of any isomer for all of the trivalent metals when extracting from 3 M nitric acid.'*

" Data for the trivalent f-metals obtained from reference ' and used with permission
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This is not always the case for the other actinide elements and as a result the separation
factors are generally slightly lower for Et(o)TDPA, and significantly lower in the case of
thorium. However, the separation factors for thorium with any EtTDPA isomer are still

well above what is needed to perform an efficient separation from any of the trivalent
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Figure 4.23: Separation of the actinides from trivalent lanthanides at 3 M nitric acid with
0.2M Et(0)TDPA
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Figure 4.24: Separation of the actinides from trivalent lanthanides at 3 M nitric acid with
0.2 M Et(m)TDPA
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Figure 4.25: Separation of the actinides from trivalent lanthanides at 3 M nitric acid with
0.2 M Et(p) TDPA
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From the figures it can be seen that the extraction order of the actinides does follow
as the effective cationic charge: An*" > An0,** ~ An®* > AnO," as expected. Most
actinides are able to achieve good separation from the majority of the lanthanides with a
few exceptions. The most poorly separated metals when extracting from 3 M nitric acid
are pentavalent neptunium and protactinium and the light lanthanides, with separation
factors close to a value of one for gadolinium from protactinium. Neptunium is able to
achieve a reasonable

separation from all the lanthanides after cerium, but would require the neptunium to
be stripped from the lanthanides, rather than stripping the lanthanides first. The heavier
middle lanthanides are also poorly separated from americium and uranium. Of most
concern is the little separation of uranium from americium, however this small separation
is only seen when extracting from 3 M nitric acid and is also aided by the fact that only

trace amounts uranium should be in the raffinate from the uranium reprocessing step.
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5. DEGRADATION OF ETTDPA AND ITS EFFECT ON EXTRACTION

CAPABILITY
5.1. Radiolysis
% Time (s)
/ HZO\
H,0* H,0* + & 10716
§ HO

‘OH + H30" 10714
*H +'OH Hy +:0 1013

Y

ea'q
¢y H,"OH, Hy, Hy0,, H;0" 10”7

Figure 5.1: Event timeline during radiolysis of neutral water (adapted from
Radiochemistry and Nuclear Chemistry 3" Edition, Choppin)®

The primary source of radiolytic damage to the organic ligands used in fuel
reprocessing is through indirect reactions rather than from direct energy deposition into
the ligand itself.*® Aqueous and organic soluble ligands are typically present in
significantly lower concentrations compared to that of their respective diluents and as a
result the most probable interaction of ionizing radiation is with the diluent. Radiolytic

damage of the diluent forms a wide variety of molecular and radical species which then
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facilitate degradation of the organic ligands through chemical rather than radiolytic
reactions.

One of the most important radiolytic reactions is the radiolysis of water which is
pictured in Figure 5.1. Initial deposition of energy into the water molecule results in
either the excitation of molecular water to a higher energy state or the formation of an
electron-water ion pair. Due to the high concentration of neighboring water molecules
the ionized water will interact on extremely short time scales to form the hydronium ion
as well as the reactive hydroxyl radical.® The free electron will continue to cause further
ionizations until its energy reaches that of the ionization potential of water (12.6 eV)
when it then becomes the highly reducing solvated electron species. Molecular excited
species will dissociate on the time scale of molecular vibrations (10'3-10 s) forming
further radical species. The distribution of products from radiolysis of water is highly
dependent on the energy and type of incoming ionizing radiation. Low linear energy
transfer (LET) interactions (B, y) result in higher amounts of radical species being
formed. High LET radiation such as a-particles deposit their energies in much shorter
paths than low LET radiation, resulting in more recombination of radical species and
thereby higher yields of molecular products relative to low LET interactions.'®®

Irradiation of more concentrated solutions of nitric acid which are aerated produce an
oxidizing environment due to electron and radical scavenger reactions,*®® namely capture

of the solvated electrons by dissociated nitric acid and dissolved oxygen gas in the forms:

€aq + H — H: (5.1)
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€ (ag) + NO3 — ‘NOs* (5.2)

e-(aq) + 02 — '02- (53)

‘H+ 0, — -HO;, (5.4)

‘HO, S H +-0, (55)
The end result is the predominance of the reactive hydrogen peroxide and hydroxyl
radical species in solution, which readily oxidize organic molecules.*®

It is well known that under radiolysis nitric acid produces radical nitrogen groups by

the mechanisms:

NO3z VW\— e + :NO3 (5.6)
‘NOs* + H" > :NO, + OH (5.7)
.OH + HNO3; — -NO; + H,0 (5.8)

in addition to Equation (5.2). Successive protonations of the -NO3* radical species will

form H,NO3- which will then decay by loss of water in a dehydration reaction*®’:

H,NOz- — -NO, + H,0 (59)

The -NO, radicals are capable of hydrogen abstraction as well as nitration of unsaturated
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carbon bonds such as aromatics.'®® Nitration of aromatics by -NO, radicals is a non-
regioselective process, generally resulting in a distribution of species at the ortho, meta,

and para position in a monosubstituted aromatic.'®®

The para substitution generally
appears as the least abundant species, while addition at the ortho position can be impeded
by steric effects due to a bulky original substituent, ultimately leading to relative
enhancement in the production of the meta isomer.*”® This mechanism of nitration is
more predominant at higher pH levels.

Aromatic nitration also proceeds by formation of the NO," nitronium ion.

Nitronium can be produced in more concentrated nitric acid solutions by the

disproportionation reaction:

HNO;3; — N02+ + NO;3 + H;0 (5.10)

and along with a sulfuric acid catalyst is the common method of industrial nitration of
aromatics.'”*'"? Radiolytically, nitronium is produced by the combination of -NO, and

-NO; radicals and direct radiolysis of undissociated nitric acid*®®:

‘NO3 + :NO,; — N,Os — NO3™ + N02+ (511)
HNO3; VW\— HNO3" + € ag) (5.12)
HNO;* — NO," + -OH (5.13)

Unlike aromatic nitration by the less powerful -NO, radical, nitronium induced reactions

are due to electrophilic attack of the positively charged nitronium to the m-orbital of the

101



aromatic ring system. Nitration is directed by the original substitution group to either the
ortho and para direction by electron donating activating groups, or to the meta position by
electron withdrawing deactivating groups. This process is more predominant at higher
concentrations of nitric acid.*®

In solvent extraction, radiolysis of the organic phase used as the diluent also plays an
important role in determining the possible radiolytic reactions a ligand might undergo.
For the solvent extraction reported in this work the diluent trifluoromethylphenyl sulfone
(FS-13) was primarily used. The radiolysis of FS-13 has been previously investigated
with regards to the CCD-PEG process for removal of cesium and strontium from waste
raffinates.'’® Direct radiolytic damage of the diluent is highly probable due to the large
amount of solvent molecules present compared to that of any organic phase solutes.
Radiolysis of FS-13 results in the ejection of an electron giving a charged radical species

which then decays to the benzenesulfonyl ion and the trifluoromethyl radical:

CsHsS0,CF3 VW\— CgHsSO,"-CFs 4 € ) (5.14)

C6H5SOQ+'CF3 — C6H5302+ + -CF3 (5.15)

The benzenesulfonyl ion is most readily hydrolyzed by dissolved water in the organic

phase to benzenesulfonic acid:

C5H5802+ + H,O — C¢H5SO,0H + H* (516)

while the trifluoromethyl radical can either undergo radical substitution of aromatics

similar to the -NO, radical or recombine with other trifluoromethyl radicals forming
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hexafluoroethane!’:

2 CF3 — C2F5 (517)

Trifluoromethyl ion groups can also cause aromatic substitution by both electrophilic and
nucleophilic attack; however these reactions typically have much lower vyields,
particularly electrophilic attack due to the difficulty to producing the CF5* ion.*” FS-13
has been previously studied as a direct source of aromatic nucleophilic trifluoromethyl
substitution by generation of the CF5™ group.*’®*"

Mowafy recently reported that symmetrical diamides are the most stable over
unsymmetrical and branched amides.*’®"® Furthermore, shorter branching substituents
on the amide nitrogen led to higher stability as well. EtTDPA has both of these
characteristics indicating that some stability against radiation damage is expected.
Et(o)TDPA, Et(m)TDPA, and Et(p)TDPA show strong carbonyl absorptions at 1650,
1651, and 1654 cm™ respectively with concentrations of 0.2 M. These functional groups
play a strong role in the mechanism of neutral ligand extractions and thus it is important
that they remain mostly intact in order to be of use in waste raffinates. In addition, one of
the radiolysis products of FS-13 is sulfuric acid which acts as a catalyst for the
electrophilic nitration of aromatic groups.'”® Thus is highly likely that EtTDPA will
undergo some form of aromatic nitration in addition to other radiolytic mechanisms such
as trifluoromethylation during irradiation. While these reactions would not result in a

change in the functional group participating in the extraction process, the addition of

electron withdrawing groups such as -NO, or -CF3 radicals could alter the basicity the
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carbonyl groups of EtTDPA, affecting the complexation ability of EtTDPA for the metals

of interest.

5.2. Hydrolysis

One of the other primary mechanisms of ligand degradation during the solvent

° Some of the more

extraction step of used fuel reprocessing is acidic hydrolysis.*®
common neutral extractants consist of oxygen containing functional groups such as
carbonyls, phosphates, or sulfones, all of which are susceptible to nucleophilic attack by
water in the presence of an acid catalyst. Amides are particularly resilient towards acidic
hydrolysis when compared to other carbonyl based functional groups such as esters.'®
The chemistry of amides is strongly influenced by the fact that in acidic solution the
amide nitrogen is almost completely unprotonated and it is the carbonyl oxygen that acts

as the basic site.'®?
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Figure 5.2: Acid-catalyzed hydrolysis mechanism of a generic amide

A diagram of the steps involved in a hydrolysis reaction is shown in Figure 5.2. Acid
catalyzed hydrolysis of amides begins with the protonation of the carbonyl oxygen. The
pK,s of amides are generally in the range of 0-2 and thus require fairly acidic conditions
in order for hydrolysis to proceed by this mechanism.*®® Once this oxygen has been
protonated enough electron density is withdrawn away from the carbon atom for it to
undergo nucleophilic attack by water. This process forms a tetrahedral intermediate
where the previously amidic nitrogen is now an amine, which is far more basic. The
amine then removes a proton from the attached water group, forming a carbon center
with two hydroxyl groups and a protonated amine attached. The amine is a much better
leaving group and is dislodged, while a free water removes the hydrogen from one of the

protonated oxygens resulting in the reformation of a carbonyl group and the acid catalyst.
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A carboxylic acid and amine is the end result of this process.

5.3. Infrared Spectra of Organic Phase
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Figure 5.3: IR spectra of carbonyl the region of acid saturated Et(p)TDPA at varying

absorbed dose

Infrared absorption analysis of irradiated EtTDPA shows a small decrease in

absorption of the amidic nitrogen absorption bands around 3200 cm™ as well as the amide

carbonyl stretches in all isomers, though there was not a significant change in the

intensities of any of these peaks. The carbonyl spectrum of Et(p)TDPA can be seen in

Figure 5.3. The various doses have been off set on the y-axis for clarity, and the spikes at

1590 and 1480 cm™ are artifacts of the solvent spectrum subtraction. At 125 kGy the
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carbonyl peak for Et(p) TDPA is slightly broadened at 1654 cm™ at the half-width by less
than 2 cm™ compared to that at 25 kGy. With increasing absorbed dose two new peaks
begin to grow in at 1537 and 1738 cm™. Ingrowth of the peak at 1738 cm™ is consistent
with the higher vibrational energy of a carboxylic acid moiety.'® However, the relatively
small change in transmittance between the 25 kGy and 125 kGy data suggests that
production of this moiety is mostly a result of hydrolysis from the extensive times
required to achieved the desired dose rather than due to radiolytic damage. Subsequent
investigations of hydrolyzed EtTDPA saw identical products indicating that the radiolytic
products are in too small yield with these doses to be determined by infrared

spectroscopy.

5.4. Determination of Radiolytic Products by Gas Chromatography-Mass
Spectroscopy

In order to determine the exact degradation products of EtTDPA, gas chromatography
mass spectroscopy was performed using solutions that had been contacted both with
water and nitric acid and irradiated using a cobalt-60 gamma irradiator. Initially
solutions of the ortho, meta, and para isomer were individually irradiated after contact
with 3 M nitric acid up to a dose of 80 kGy. Chromatographs of these solutions showed
almost no peaks associated with degradation products at sufficient intensity to determine
their exact structure. It could be determined, however, that the elution times of these

products were similar across all three isomers and were determined to be the result of the
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slightly different isomeric forms of the parent EtTDPA molecule.  Because of this
similarity between EtTDPA isomers and lack of irradiator space, only the ortho isomer
was irradiated up to a dose of 200 kGy. Quantitative determinations of degradation
product yields from similar amidic ligands have required doses in excess of 1 MGy.'*
Quantification of degradation products was not feasible due to the low dose rate available
and thus only a qualitative assessment of degradation products was performed.

Some particular degradation products were expected from known reaction pathways
by either radiolytic or hydrolytic mechanisms, generally organic acid products, but these
could not be seen in the resulting chromatographs. Solutions were then reacted with
trimethylsulfonium hydroxide in order to convert the organic acids into their more
volatile methylized derivatives.  In all cases the detector was disabled from
approximately 23-30 minutes to avoid overloading and damaging the detector filament
from the evolution of the much more volatile and more than thirty-fold mole excess of

FS-13 in each solution which is why no signal is shown for these timeframes.

5.4.1. EtTDPA in FS-13
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Figure 5.4: Gas chromatograph of Et(0)TDPA in FS-13

The chromatograph of neat Et(0)TDPA dissolved in FS-13 is shown in Figure 5.4
with the detected products shown with their retention times, base peak, and molecular ion
in Table 5.1. Elution of Et(0)TDPA corresponds to the large peak at 144 minutes. The
only other detectable compounds in the original chromatograph are impurities from the
synthesis of FS-13, including the sulfoxide at 23.2 minutes from incomplete oxidation of
the sulfur group to a sulfone moiety, and from 33.9-37.9 minutes the tolyl isomer analogs
of FS-13. Each of these compounds appear in the chromatographs of the other studied
solutions and thus are omitted from the following tables of degradation products. No by-
products or unreacted components from synthesis of EtTDPA are detected under these

conditions.
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Table 5.1: Identified compounds in Et(0)TDPA dissolved in FS-13

Retenthn Base Peak Molecular Structure
Time (min) lon
F
F\~/F
23.2 124.9 193.8 S
\O
FF
~°
33.9-37.9 91.0 223.8 S\\
isomers
144.1 134.1 401.1 Et(o)TDPA
5.4.2. Hydrolysis of non-irradiated EtTDPA
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minutes (min)
Figure 5.5: Chromatograph of derivatized Et(0) TDPA saturated with 3 M HNO3 for 3
months
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Due to long periods of time required to achieve a specific dose in the cobalt irradiator
(dose rate ~0.3 kGy/hr) and the fact that samples could not be analyzed directly after
radiolysis due to instrumentation scheduling, it was necessary to determine the
degradation of EtTDPA by hydrolytic processes over this large time span between
irradiation and analysis. The most probable reaction is the cleavage of the C-N amide
bond forming the synthesis reactant N-ethyltoluidine and its complimentary carboxylic
acid by the mechanism shown in Figure 5.2. Indeed, N-ethyl o-toluidene is seen as a
hydrolysis product at 38.5 minutes in

Figure 5.5 and listed in Table 5.2. This peak is less intense after derivatization due to
some of the secondary amine reacting with the trimethylsulfonium hydroxide to form the
slightly less volatile tertiary amine. The carboxylic acid compliment is not detected until
after methylation with trimethylsulfonium hydroxide, but is too small to be seen on the
scale of the graph. This result is somewhat expected though as the N-ethyltoluidine is
nearly unidentifiable and more volatile than the ester form of that acid, meaning it would
have a lower detection efficiency and thus lower detectable signal.

Hydrolysis of FS-13 from nitric acid also results in the production of benzenesulfonic
acid and elutes in methylized form at 57.7 minutes, the other product of this reaction is
likely fluoroform and dissolved gas released either upon opening of the vial or early in
the chromatogram along with the dichloromethane solvent. A peak can also be seen at 88
minutes, however this peak is the result of impurities inherent to the GC instrument used

and is seen along with other impurities in the span of 90-96 minutes in other runs as well.
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Table 5.2: Hydrolysis products after contact with 3 M HNO4

Retention

) . Base Peak Molecular lon Structure
Time (min)

39.5 120.0 134.9

F o)

(6]
57.7 77.0 172.0 F@S/
methyl sulfinate AN
F OH

(0] N/i

298.1

1158 134.0 methyl ester \ / N
(e}
HO
144.1 134.1 401.1 Et(0)TDPA

5.4.3. Radiolysis of water contacted EtTDPA

Water saturated solutions of EtTDPA which have been irradiated show some of the
same products observed during acidic hydrolysis of EtTDPA with nitric acid, but are
produced through the radical reactions described earlier. These reactions include
cleavage of the amide C-N and sulfone S-C bonds during radiolysis of organic phase
partitioned water, forming N-ethyltoluidine and its carboxylic acid compliment and
benzenesulfonic acid. All of these compounds are produced in higher relative yields

through radical reactions through radiolysis than observed through acidic hydrolysis. The
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previously seen trifluoromethylphenyl sulfoxide in neat FS-13 has undergone oxidation
by hydroxyl radicals forming phenylsulfinic acid and is seen as the methylized derivative

at 60.4 minutes in Figure 5.6and listed in Table 5.3.
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Figure 5.6: Gas chromatograph of water saturated derivatized Et(0) TDPA in FS-13 at 200
kGy

In addition to those already seen during acid hydrolysis, two new major types of
products are observed in irradiated solution. First is a peak at 143.4 minutes
corresponding to the loss of a methyl group from one of the outer tolyl rings, converting
one half of the molecule into an ethyl-phenyl amide derivative. This lost methyl radical
reacts with other species in solution, and, in fact, both the methyl sulfinate forms of
benzenesulfonic acid and phenylsulfinic acid can be detected in small quantities even

when no additional methylating reagent is added.
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Figure 5.7: Aromatic substitution positions of Et(0)TDPA by CF; radicals

The second and most prominent new feature is a group of peaks ranging from 138.5-
143.5 minutes. These six peaks are isomers in which EtTDPA molecules have undergone
radical substitution reaction of C-H bonds with the trifluoromethyl radical, giving a
molecular ion of 469.1 mass units. These substitutions occur at all possible aromatic C-H
sites as despite EtTDPA’s eleven C-H aromatic positions, symmetry reduces this to only
six unique positions for a monosubstituted species as shown in Figure 5.7. This
substitution pattern will be discussed further in the next section. No fragmentation
patterns are seen which would correspond with substitution on the amide-branching ethyl

chains in any of these peaks.
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Table 5.3: Water saturated radiolysis products

Retention

) . Base Peak Molecular lon Structure
Time (min)

39.5 120.0 134.9 @C”

F o 0
57.7 77.0 1720 . \\s//
methyl sulfinate \
F OH
O

156.2 S\
60.4 77.0 methyl sulfinate ©/ OH

298.1
1158 134.0 methyl ester \ Y. N

HO

143.4 134.0 387.1 Et(o)TDPA-CH3z +H
144.0 134.0 401.1 Et(o)TDPA
138.5-143.5 134.0 469.2 Et(0)TDPA — H + CF3 isomers
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5.4.4. Radiolysis of EtTDPA Saturated with Nitric Acid

Derivatization of irradiated nitric acid saturated EtTDPA solutions did not reveal the
production of any new species capable of undergoing methylation by trimethylsulfonium
hydroxide. Since methylation caused multiple incomplete reactions with some of the
already detectable secondary amines produced during radiolytic and hydrolytic reactions,
solutions were also injected into the GC-MS without undergoing any additional

methylation step such as the chromatograph displayed in Figure 5.8.
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Figure 5.8: Chromatograph of acid saturated Et(0) TDPA in FS-13 at 200 kGy

The radiolytic products of nitric acid contacted EtTDPA are almost identical to those
seen in water-contacted solutions and are listed in Table 5.4. Since this chromatograph
did not undergo methylation there is a new peak at 98.8 minutes which corresponds to the
same carboxylic acid seen at 115.8 minutes in Table 5.2 and Table 5.3. While in the GC
column this carboxylic acid degrades by loss of CO, and elutes as the N-ethyl o-tolyl
amidic derivative of picolinic acid. Benzenesulfonic acid is not seen in nearly as much
abundance again from lack of derivatization though small amounts of this molecule and
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the carboxylic acid previously mentioned are methylized by CHj; radicals, as also seen in
the water-contacted irradiated solutions, albeit in very small quantities.

After Et(0)TDPA elutes at 144 minutes a new peak related to EtTDPA elutes at 145.4
minutes. The fragmentation pattern of this isomer is different than those of either the
ortho, meta, or para EtTDPA isomers. Though it appears as one peak in the
chromatogram using selective ion monitoring of 401 m/z shows that it is in fact a series
of different peaks which overlap when viewing the total ion current. This indicates that a
methyl group which was previously lost by energy deposition underwent recombination
with its parent molecule forming an isomer that exists as a combination of both ortho and
either meta or para methyl positions.

Two new peaks appear at 95.8 and 152.4 minutes which are the result of aromatics
undergoing radical nitration. The molecule at 95.8 minutes is nitrated N-ethyl-toluidene
while nitrated EtTDPA appears at 152.4. In both cases substitution only is seen at the 2-
position relative to the carbon-nitrogen bond on the tolyl ring and no other isomers are
detected. If this reaction proceeded by electrophilic substitution there would be direction
of the nitronium ion to the ortho and para positions relative to the nitrogen and methyl
substituents due to their electron donating character. This would correspond to a mix of
the hydrogens at both the 2 and 3-positions being substituted by nitro groups. Instead, the
result of substitution only at the 2-position is consistent with the predominantly meta-
substitution of aromatics by NO, radicals.!”® No observance at the 3-position is likely
due to sterics. However, this result is most likely a consequence of the design of the

batch irradiation experiments which used pre-equilibrated organic phases. In a true
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reprocessing scheme the organic phase would be in continuous contact with the aqueous
phase while being thoroughly mixed during irradiation, most likely leading to nitration by

predominantly electrophilic substitution.
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Figure 5.9: Effect of organic phase nitric acid content on CF3 radical substitution

A

Nitric acid saturated solutions of EtTDPA also undergo substitution by
trifluoromethyl radicals as discussed regarding water saturated solutions in Section 5.4.3.
The same six isomers produced during irradiation of the organic phase of water saturated
solutions are seen when the solutions are saturated with 3 M nitric acid and elute at
identical times as seen in Figure 5.9. The sixth peak elutes at 143.5 minutes but is
masked by the much larger Et(0)TDPA signal and can only be resolved when using
selective ion monitoring. Four of these peaks have virtually identical relative intensities
when saturated with water or nitric acid, while the two peaks at 141.4 and 142.5 minutes
show a noticeable reduction in their yields from being irradiated in the presence of nitric

acid. Since only two positions are affected by this change it can be reasoned that these
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two peaks belong to the B and y positions of the central pyridine ring of EtTDPA.

A possible cause of this decreased vyield is that not only are -CF3 radicals produced
during irradiation of the FS-13 solvent but also nucleophilic CF3™ ions. The very basic
CF3 ion would react very quickly with any acidic proton in the organic phase to form
fluoroform. In acid saturated solutions this is a much more probable reaction than when
the solution is saturated with water. The pyridine ring is far more susceptible to
nucleophilic attack due to its lower electron density within the ring relative to the tolyl
moieties which contain groups donating electron density. This is consistent with the
hypothesis of why the tolyl rings remain largely unaffected by this change in acidity
while a decrease in yield is seen for the pyridine substituted positions.

In all experiments performed using GC-MS, the amount of degradation is very small
compared to that of the unreacted ligand in solution. In all cases the total peak areas of
the degradation products were much less than 1% of the total area of the unreacted
ligand. Assuming that the relative detection efficiencies for each degradation product are
similar to or greater than that of EtTDPA this means that these products are not in
sufficient concentration to significantly alter the extraction chemistry under the studied

conditions.
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Table 5.4: Nitric acid saturated radiolysis products
Retention Base Peak  Molecular lon Structure

Time (min)

39.5 120.0 134.9 C[N”
IO
:N

95.8 165.0 180.0 o N
X
/ O
N
98.8 134.0 240.1
@iﬂw
138.5-143.5 134.0 469.2 Et(0)TDPA — H + CF3 isomers
144.0 134.0 401.1 Et(o)TDPA
145.4 134.0 401.1 EtTDPA new isomer
/
(0] N O
N
N N
152.4 134.0 446.1 W r
N \\\
o o
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5.5.Thermal Stability
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Figure 5.10:Thermogravimetric analysis of solid EtTDPA isomers

Crystallized samples of EtTDPA were evaluated for their thermal stability by
thermogravimetric analysis. Et(m)TDPA showed weight loss beginning slightly after
180 °C, Et(0)TDPA at 200 °C, and finally Et(p)TDPA after 220 °C as shown in Figure
5.10. During heating no plateaus were seen corresponding to the formation of a stable
intermediate during decomposition. Complete evaporation of all isomers occurred by
360 °C with the meta isomer completing first followed by ortho and then para. After
ending the analysis at a temperature at 450 °C only a slight layer of black char residue
remained in the pan. The lack of any plateauing in the thermograph until after
evaporation of the ligand had begun indicates that EtTDPA is stable with respect to direct

thermolysis under temperatures which would be present in a typical reprocessing system.
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This result is consistent with results previously obtained for analyses of other amidic

extractants. &

5.6. Effects on Extraction of Americium and Europium

5.6.1. Radioylsis

Previous experiments have shown that a significant extraction (D > 1) of Am and Eu
with EtTDPA begins at 3 M nitric acid; therefore, all extraction experiments were
performed from this nitric acid concentration for each isomer of EtTDPA." The
dependence of the post-irradiation distribution ratios for Am with 0.2 M EtTDPA on
absorbed dose up to 125 kGy is shown in Figure 5.11. There was little to no effect of
increasing absorbed dose observed for extraction of Am with the irradiated phase of
EtTDPA in FS-13. In previous extraction studies americium was shown to be most
extracted by Et(m)TDPA followed closely by Et(0)TDPA in 3 M nitric acid with
Et(p)TDPA last. This trend is continued for EtTDPA irradiated with doses from 0-125
kGy.'® Though the average of the initial 0 kGy Et(m)TDPA data point is lower than that

of Et(0)TDPA, each isomer remains relatively constant within the measurement errors.
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Figure 5.11: Extraction of americium from 3 M HNO3 with 0.2 M EtTDPA

140

The extraction of europium (Figure 5.12) behaved in a similar manner to americium,

though with significantly lower distribution values.

Et(o)TDPA and Et(m)TDPA are

reversed in extractability of europium compared to americium and Et(p)TDPA remains

the lowest for extractability throughout each absorbed dose.

Initially no substantial

changes are seen in the distribution ratios as the absorbed dose is increased. Around 100

kGy an inversion in the average distribution ratio between Et(0)TDPA and Et(m)TDPA is

seen, though this may be an artifact from the larger error in those data sets.
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Figure 5.12: Distribution ratios of europium after extraction from 3 M HNO3 with 0.2 M
EtTDPA

The lack of changes in the distribution ratio from forward extraction of EtTDPA
is consistent with the infrared spectra, which show little disruption of the carbonyl region
through where, along with the pyridine nitrogen, neutral complexation occurs. Though
GC analysis does confirm that there are other products such as carboxylic acids present in
the irradiated solution, these species would be protonated in acidic solution and would
not compete with EtTDPA for extraction more through more powerful ionic interactions.
Small variances in distribution ratios were also previously seen with similar amidic
extractants with trivalent metals.'®” Fe(111) with irradiated tetra-octyl-DPA as reported by
Mowafy shows a slight fluctuation in distribution ratios with increased absorbed dose

(above 40 kGy), and is similar to the extraction of Am and Eu with irradiated EtTDPA as
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presented here.*”
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Figure 5.13: Separation factors of Am/Eu after radiolysis

The effect of radiolysis on Am/Eu separation factors are shown in Figure 5.13. At 0
kGy a reasonable separation factor of greater than three is obtained for all extraction
mixtures and is maintained relatively constant throughout the studied dose ranges.
Et(m)TDPA does show a small increase in separation factor once an initial dose is
received. A possible explanation of this effect is that as seen in GC-MS analysis, nitro
groups undergo electrophilic substitution with the outer aromatic rings in EtTDPA at one
of the meta positions relative to the C-N bond. In the case of Et(m)TDPA both the C-N
and methyl group have the same meta position in common relative to each other, thereby
enhancing the amount of nitration occurring at this position. Since the nitro group is

electron withdrawing it is possible for it to lower the basicity of the carbonyl groups,
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lowering the harder oxygen donor’s affinity for metal ions in solution. This causes an
enhancement in the selectivity from the less effected nitrogen soft donor. The
enhancement begins to fade as the irradiation continues and other interfering species are
produced. However, none of the separation factors deviated by more than 10% of the
average for each isomer, with Et(m)TDPA giving the best separation factors at all
observed doses. This result was identical to the separation factor order for americium
and europium obtained for these three isomers from nitric acid in previous work without
radiolysis.'®  Therefore, regardless of the methyl position the extractions remain

relatively unaffected under the studied dose ranges.

5.6.2. Hydrolysis
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Figure 5.14: Distribution of Am with EtTDPA from 3 M HNOj after hydrolysis at 50 °C
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While radiolysis of EtTDPA in FS-13 produces both new species of neutral and
acidic extractants, hydrolysis results in the production of only products which will
interfere with stripping of metals from the organic phase. Both the amine and carboxylic
acid would be protonated during the more acidic forward extraction phase and generally
not interfere with complexation. The protonated amine (pKas of N-ethyl-toluidene
isomers are generally ~ 4.5) should be partitioned to the aqueous phase as an ammonium

salt whereas the carboxylic acid can still form metal complexes through the uncleaved

amide group.
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Figure 5.15: Distribution of Eu from 3 M HNOj after hydrolysis at 50 °C

The effect of hydrolysis at 50 °C on the distribution of americium and europium from

3 M nitric acid is shown in Figure 5.14 and Figure 5.15 respectively. A small but
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noticeable decline in the distribution of americium can be seen as the hydrolysis
continues up to 96 hours of total contact time with 3 M nitric acid. Distribution of
europium does not appear to exhibit this decline and remains fairly constant within the
error of the experiment, with a possible slight increase. In comparison the extractant
dimethyl dioctyl hexylethoxymalonamide (DMDOHEMA), used in the French DIAMEX
trivalent metal reprocessing scheme, saw a factor of 5 decrease in the distribution of both
americium and europium after approximately 100 hours of hydrolysis time with 3 M
HNO; at 60 °C.'*®

Conversion of the amide group to a carboxylic acid causes withdrawal of electron
density from the soft donor pyridine nitrogen thereby lowering its affinity for the softer
americium ion. Europium complexation remains largely unaffected by this effect and
more electron density at the carbonyl oxygens is consistent with the possible slight
increase in distribution ratios. The ultimate result is a decrease in the separation factor
between americium and europium for their extraction into the organic phase as illustrated

in Figure 5.16.
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Figure 5.16: Separation factors of Am and Eu after hydrolysis at 50 °C

Back extraction of neutral extractants requires decreasing the metal counter anion
concentration. Generally, this counter ion is nitrate from nitric acid, and thus it is
necessary to lower the acidity levels into the higher pH range (pH > 2). In a fresh neutral
ligand solvent extraction system this generally presents no problem other than possible
kinetic issues. However it is in the pH region where organic acids tend to more easily
deprotonate and become available to form complexes with metal ions, partitioning them
to the organic phase. This is the basis for trivalent metal separation processes such as
TALSPEAK which uses a combination of organophosphoric and carboxylic acids.®* This
is problematic in a neutral extractant system as the acidic degradation products of both
hydrolysis and radiolysis can start to act as complexants in this pH region, limiting the

ability to back extract these metals into the aqueous phase.
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Figure 5.17: Stripping of Am with 0.01 M HNOj3 after hydrolysis

Although benzenesulfonic acid is also produced during these experiments, it generally
considered a strong acid in aqueous solution (literature is inconsistent on the exact value

but tabulated values tend to agree on a pK, < 1 and as low as pK, = -6)*%°

and unlikely to
form strong complexes in the organic phase compared to those formed by carboxylic
acids. Thus any changes in the extraction behavior are attributed to products of only

EtTDPA degradation.
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Figure 5.18: Stripping of Eu with 0.01 M HNOj after hydrolysis

The same solutions investigated for hydrolysis effects in the forward extraction of
americium and europium from 3 M nitric acid were then analyzed for the ability to strip
these metal ions from the loaded organic phase using 0.01 M nitric acid. These results
are shown in Figure 5.17 and Figure 5.18. In the americium solutions Et(0)TDPA shows
the least amount of difficulty in stripping from the organic phase which is consistent with
previous literature showing it to be a weaker extractant at low ionic strengths relative to
Et(m)TDPA and Et(p)TDPA.'% A positive linear dependence is seen for the logarithm of
the distribution coefficient versus the acid contact time, corresponding to a first order
production of the interfering carboxylic acid. Et(p)TDPA appears to be the most
susceptible to acidic hydrolysis as it has a larger rate of carboxylic acid production and

distribution ratios of both americium and europium eventually overtake Et(m)TDPA.
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The decontamination factor can be defined as the concentration of metal initially
present in the organic phase divided by the amount remaining after back extraction. This

can be expressed in terms of the distribution ratio after mathematical manipulation by the

equations:
_ [Org];
DF = Org] (5.18)
[Org]; = [0rg] + [Aq] (5.19)
_ [0rg] + [Aq]
= ! (5.21)
DF =1+ ) .

The decontamination factors from the back extraction of americium and europium
from hydrolyzed EtTDPA solutions with 0.01 M nitric acid are listed in Table 5.5. All
solutions of EtTDPA isomers exhibit a significant decrease in the ability of americium
and europium to be removed from the organic phase. This is expected from the
increasing D values with hydrolysis time as per Equation (5.21).

More importantly from a reprocessing standpoint is the effect on separation of these
two elements. Initially a moderate separation of americium and europium is obtained
with Et(m)TDPA (SF > 3) which decays rapidly until there is no distinction in the
separation between any isomers as seen in Figure 5.19. From this it can be seen that once

a sufficient amount of hydrolysis has occurred, the position of the methyl group is largely
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irrelevant on the separation behavior. The increasingly prevalent carboxyl group and its
hard donor character does lower the separation factor of these two elements, but a slight
preference for americium is maintained from the softer donor pyridine nitrogen.

Table 5.5: Decontamination factors after extraction with 3 M HNO3 and stripping with
0.01 M HNO3

Time Am Eu
(hrs) | Et(0)TDPA Et(m)TDPA Et(p)TDPA | Et(0)TDPA Et(m)TDPA  Et(p)TDPA
0 84 31 49 135 99 125
24 52 23 24 94 55 56
48 32 16 13 63 30 23
72 28 11 10 40 20 17
96 17 8 7 27 13 11
4
@ Et(o)TDPA
N M Et(m)TDPA
3 -
Et(p)TDPA

SF(Am/Eu)
N
L 2
——
B
-

0 T T T T T
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Figure 5.19: Separation of Am/Eu after stripping with 0.01 M HNO3

Despite this decrease in separation it can be rectified by scrubbing the organic phase
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prior to metal loading with a 0.5 M sodium carbonate solution. Sodium carbonate
neutralizes the organic acids and converts them to their sodium salt. The sodium salts are
much more soluble in water and are partitioned out of the organic phase which can then
be discarded. After scrubbing the organic phase hydrolyzed at 96 hours with 0.5 M
sodium carbonate the distribution ratios and separation factors then returned to their

initial values within experimental error.
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6. THERMODYNAMICS OF COMPLEXATION OF METALS BY EtTDPA

In order to better understand the mechanisms behind solvent extraction behavior, it is
essential to study the thermodynamics of complexation. Knowledge of parameters such
as the stability constant B between two species leads to the development of new ligands
which minimize unwanted effects caused by competitive reactions, sterics or
conformational barriers.**® Determination of stability constants is most often performed
by spectrophotometric or potentiometric methods when applicable.*******  Calorimetric
titrations have also been shown to be a powerful tool for comparison of stability constants
obtained by other titration methods.”*"®" Having knowledge of the signs of the
thermodynamic parameters AG, AH, and AS indicates the nature of the complexation and
is important when elucidating the chemical interaction between the species in solution.

One of the most basic thermodynamic equations is the relation between AG the

Gibb’s free energy, AH the enthalpy, and AS the entropy:

AG =AH - TAS 6.1)
AG of course is related to the equilibrium constant K by a factor of —RT, with a K greater
than one resulting in a spontaneous process. More important for interpretation of the
nature of complexation are the AH and AS terms.’?’ Generally, a large negative AH is the
result of inner sphere coordination. In aqueous systems the hydration energy from the 8-

9 coordinated waters for lanthanides in the inner sphere is extremely large, requiring
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significant energy to disengage them from the metal ion which is much larger than the
formation energy of the new metal ligand complex.'® This is not always true however, as
metal salts in organic systems are often poorly solvated. For solutions with poor
solvating power, a net release of heat is observed when complexing with a more powerful
donor ligand resulting in a more thermodynamically stable complex.

The sign of AS is more independent of the solvent system. A positive AS means a
more disordered system; a negative AS represents a system has become a more ordered
one. Regardless of the solvent system, if a complex occurs in the inner sphere, the
ligands that were previously coordinating will be removed. Complexation by
multidentate ligands will result in the displacement of multiple solvating molecules. If
one considers the original metal and its inner coordination sphere as a “single” particle,
then removal of multiple solvating molecules leads to a net increase in the total number
of particles in the system which is an increase in entropy.

Diamides of dipicolinic acid have been previously shown to coordinate metal ions as
tridentate neutral ligands.’® This ability is owed to the positioning of the two carbonyl
group oxygens, common among many proposed neutral solvent extraction ligands, as
well as the lone pair electrons from the central pyridine nitrogen. This configuration
allows for EtTDPA to efficiently extract lanthanides and actinides from acidic aqueous
solutions, with a preference for actinides due to their relatively softer character as
electron acceptors with the softer nitrogen atom. Coordination of EtTDPA with the metal
ion takes place as shown in Equation (6.2) by forming neutral adducts where n = 1-3

while the stability constant B, is given in Equation (6.3):
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Nd3?** + nEtTDPA — [Nd(EtTDPA),]** (6.2)

_ [Nd(EtTDPA),]
" = [Nd][EtTDPA]" (6.3)

6.1. Spectrophotometric Titrations

Stability constant determinations of metal complexes with non-aqueous soluble
organic ligands are typically performed by dissolution of a metal nitrate or chloride in
either acetonitrile or methanol/water mixtures and analyzing spectral changes in the 1 —
n* and n — 7* transition regions of the UV spectrum from the small degree of back
bonding by 4f orbital electrons, particularly in the complexes of the lanthanides which
exhibit weak or no visible region absorptions.**#41%13 |t js possible to monitor shifts of
the metal f-f transitions for select lanthanides such as neodymium which is typically done
in a mixed methanol/water solution as well.**®* Neodymium has particularly sharp peaks
especially the *lo;, — *Gyp2, “Gsy, transition at approximately 576 nm. This transition is an
f-f transition and as such is forbidden by the Laporte rule.!®® The weak intensity of this
transition means significantly higher concentrations of both the metal and ligand are
required experimentally as compared to monitoring the ligand spectrum. In either system
conditions are chosen in order to limit competitive inner sphere complexation reactions
for the metal ion between the ligand of interest and anions (NOs’, CI, etc.) in solution.

Despite the significant absorption of EtTDPA in the UV region from its extended n

system conjugation (¢ > 6,000 L/mol-cm), initial instrument limitations prevented
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spectroscopic investigations below 300 nm in the current work. In addition, the almost
complete insolubility of EtTDPA in water prevented the use of water/alcohol mixtures
(mixtures of 10" M EtTDPA in 75/25% methanol/water caused formation of a fine
suspension). Therefore spectroscopic titrations were performed in acetonitrile using the
perchlorate salt of neodymium in order to limit inner sphere anionic complexation of the
metal cation. The complexation occurring between neodymium and the perchlorate anion

was accounted for using known literature stability constants in acetonitrile. 2%
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Figure 6.1: Spectrophotometric titration of Nd** with Et(0) TDPA in acetonitrile

The spectroscopic titration on Nd** with Et(0)TDPA is shown in Figure 6.1. The

initial peak at 575 nm (shown in purple) corresponding to the *lg, — ‘G, *Gsp
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transition was consistent with previously published data of neodymium perchlorates in
acetonitrile solution.”* All isomers of EtTDPA showed similar spectral changes upon
being titrated into Nd**, Initially an isosbestic point from the red shifted complex can be
seen before the growth of the second metal:ligand complex begins to significantly
contribute to the spectrum. Further changes in the spectrum ceased shortly after a 3:1
molar ratio of ligand to metal was reached indicating no further changes in speciation.
The most notable differences seen between the spectra of the different ligands are both
Et(m)TDPA and Et(p)TDPA (Figure 6.2 and Figure 6.3) show a higher absorbance for
the final spectrum compared to that of Et(0)TDPA even when correcting for dilution of
the sample during titration. As a result, the absorbance at 575 nm never decreases after
formation of the final complex for Et(0)TDPA, while in both Et(m)TDPA and
Et(p)TDPA the final complex has a larger extinction coefficient at this wavelength than

the previous complex which can be seen from the rise in absorbance.
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Figure 6.2: Titration of Nd** with Et(m)TDPA in acetonitrile
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Figure 6.3: Titration of Nd** with Et(p) TDPA in acetonitrile
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Table 6.1: Stability constants of Nd** EtTDPA complexes determined by UV-Vis
spectroscopy (I = 0.08 M)

Stability Constant Et(o)TDPA Et(m)TDPA Et(p)TDPA
log B1 8.13+£0.22 9.44 £ 0.06 9.19+£0.10
log B2 14.72 £0.43 16.81 £0.11 16.45+0.19
log B3 | 20.58 +0.64 22.36 £0.16 21.96 £ 0.28

In aqueous and acetonitrile solution Nd** has a coordination number of approximately
nine, and thus it follows that a large tridentate ligand such as EtTDPA would not be
capable of complexation beyond the M(EtTDPA); species while still complexing in a
tridentate fashion.?** The obtained final spectra are also similar to those reported for the
3:1 dipicolinate:neodymium complex in water.”* Refinement of three metal:ligand
species by the HypSpec non-linear least squares data fitting program showed
convergence when fitting the data to a model containing three species and the resulting
stability constants are shown in Table 6.1. Et(0)TDPA shows the weakest complexation
compared to the other two isomers which have much more similar stability constants.
Though ortho does show the highest extraction affinity for trivalent lanthanides and
actinides from high nitrate conditions (>2 M), at lower ionic strengths, such as in the
current work, Et(0)TDPA is a weaker extract compared to either the meta or para
isomer.” Plotting the expected speciation of neodymium as a function of the ligand to
metal ratio shows maximum percentages of each species at the integer values

corresponding to the number of complexed ligands as shown in for Et(p) TDPA in Figure
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6.4. Complexation ends shortly after 3:1 ligand to metal ratio as was observed during

actual titrations.
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Figure 6.4: Neodymium speciation [%] with Et(p)TDPA in acetonitrile, [Nd] = 0.014
mol/L
The obtained stability constants are comparable but larger than those obtained
previously for the ethyl-phenyl derivative of dipicolinic acid (N,N’-
tetraethyldipicolinamidediamidic TEtDPA) in acetonitrile solution with values of 7.5,
13.8, and 21.5 for log P1, P2, and Ps respectively.’® This greater affinity for trivalent

metals of EtTDPA compared to TEtDPA had been previously observed by solvent

extraction of both americium and europium from nitric acid solutions.*”’
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As stated previously instrument limitations prevent observing ligand spectral changes
below 300 nm. Access to a new instrument with capability to scan well below 300 nm
was eventually made available, allowing for validation of the stability constants obtained
in the visible region. The titration of Et(p)TDPA (green) in acetonitrile with Nd** is
shown in Figure 6.5. Addition of neodymium produces spectra consistent of back
bonding into the carbonyl n* orbitals with a peak at 305 nm, while the region from 260-
280 nm is similar to spectra obtained for complexed pyridines as well as dipicolinic acid
with the uranyl ion.?***** The lack of peak at 305 nm in the dipicolinate:uranyl literature
indicating no covalent bonding is consistent with the more ionic character of the
carboxylate oxygens compared to the amide oxygen of EtTDPA. Modeling the expected

absorbance at 304 nm (Figure 6.6) using stability constant data obtained from the visible
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region titrations produced nearly an exact fit with experimental data, indicating that the

calculated stability constants are accurate for this system.
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Figure 6.6: Fit at 304 nm by modeling data with obtained stability constants

6.2. Calorimetric Titrations

Titrations with the same solutions used in spectrophotometric experiments produced
inconsistent data, most likely due to trace impurities of water and acid from the synthesis
of Nd(CIO4); which did not have an effect on spectroscopic results, but contributed
measureable heat during calorimetry. In order to negate this effect the neodymium
triflate salt, which is less hygroscopic than the chloride or nitrate salts, was used.
Contrary to aqueous media and initial reports on the behavior in acetonitrile, the
lanthanide triflate does not dissociate to any appreciable degree in this solvent
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system.'992032%  Though the triflate anion is significantly more complexing in

acetonitrile than the perchlorate anion, this was compensated for when modelling the
enthalpy output by using known stability constants of triflate complexes in acetonitrile.*°
lonic strength was not controlled due to complications arising from the salt dissolution
enthalpy, though the overall small change in metal concentration during titration did not

have a great effect on the ionic strength of the system and thus was neglected during

experiments.
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Figure 6.7: Power trace of Nd** titration with Et(0) TDPA in ACN

200

The heat evolution over time from the titration of Nd(IIl) with 8 pL of 0.247 M
Et(o)TDPA is shown in Figure 6.7. Complexation of Nd(I11) with EtTDPA ligands is an

exothermic reaction, owing to the weak complexing ability of the acetonitrile solvent.
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Unlike Et(m)TDPA and Et(p)TDPA, Et(o)TDPA initially has a smaller heat evolution
with respect to the formation of the initial metal:ligand complexes. However, formation
of the third metal ligand complex results in a visibly significant increase in the amount of
heat measured. For all three ligands heat evolution drops to negligible amounts shortly
after a ligand:metal ratio of three is reached, indicating no further complexation beyond

the M(EtTDPA)3; complex, as was also observed in spectroscopic measurements.
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Figure 6.8: Cumulative heat experimental and model fit of Nd** titration with Et(0) TDPA

Modeling the system’s enthalpy with HypDH produced a good fit to the actual data as
shown in Figure 6.8. Often when model fits to heat data are reported the cumulative heat
release rather than the stepwise heat release fit is presented. Through small corrections at
each step the cumulative fit can agree well with experimental data, but the individual

stepwise calculation does not. In this study the experimental data is also fit very well
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when looking at stepwise heat release despite large swings in the data as shown in Figure
6.9. The stability constants obtained by calorimetric titration data are shown in Table 6.2.
Within experimental error these values are mostly in agreement with those obtained from
spectroscopic data, with the exception of the third complex of Et(m)TDPA and
Et(p)TDPA. Though there are larger errors in the obtained values calorimetry is known to
give less precision in stability constant determination, hence its use in combination with

other investigative methods such as spectroscopy or potentiometry.?41%3

Table 6.2: Stability constants of Nd** EtTDPA complexes determined by calorimetry

Stability Constant Et(0)TDPA Et(m)TDPA Et(p)TDPA
log B1 8.4+0.3 9.7+04 9.1+£0.1
log B2 15.7+0.4 16.9+0.3 16.4+£0.3
log B3 20.3+0.2 20.7+1.2 20.3+1.1
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Figure 6.9: Stepwise heat of formation and model fit of Nd** titration with Et(p) TDPA

Using the calorimetric data it is also possible to obtain the other important
thermodynamic parameters such as AG, AH, and AS. These values are presented in
Table 6.3. It is immediately noticeable from the In K values that after formation of the
first metal:ligand complex there is essentially little to no effect of the tolyl-ring’s methyl
position in the further complexation ability for neodymium, as K; = K, = K3 for ML, and
are also quite similar for ML3. The initially more negative enthalpies of Et(m)TDPA and
Et(p) TDPA for the ML and ML, complexes stands out against the high negative enthalpy
of -21.4 kJ/mol associated the MLz complex with Et(0)TDPA seen in Figure 6.8. The
negative enthalpy is the result of the ion-dipole interaction between neodymium and
acetonitrile.’®® Also of note is that the entropy term for the addition of a third ligand to

the neodymium:EtTDPA complex results in very little entropy gain for any isomer and
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the reaction is no longer entropy driven, possibly from the restriction of rotational

movement in the confined space around the ion with three separate ligands attached.

Table 6.3: Thermodynamic parameters of Nd** complexation with EtTDPA at 298 K

Ligand Species In K AG (kd/mol)  AH (kJ/mol) AS (J/mol-K)
Et(o)TDPA ML 3.7+0.1 479+ 1.7 -13.2+0.1 116.5+1.1

ML, 3.2+£0.2 416+ 23 -17.1+0.7 824+14

ML; 20+0.1 -26.2+1.1 -21.4+0.5 16.2+0.7

Et(m)TDPA ML 42+0.2 -55.3+2.3 -152+0.1 134.7+1.4
ML, 31+0.1 -41.1+1.7 -8.3+0.7 1100+1.1

ML; 1.7+0.5 -21.7+6.8 -15.6£0.5 204+4.3

Et(p) TDPA ML 40+0.1 519406 -20.1+0.2 106.8+0.4
ML, 3.2+0.1 416+ 1.7 -10.4+£0.3 104.8+1.1

ML; 1.7+0.5 -22.2+6.3 -15.7+0.2 22.0+4.0

6.3. Thermodynamics of Americium and Europium Extraction

Despite the importance of determining the previously mentioned thermodynamic

parameters of neodymium complexation in acetonitrile, the speciation represented does

not truly reflect that of known values from extraction of lanthanides and actinides by

EtTDPA into FS-13. The ligand dependence on the extraction of trivalent actinides and

lanthanides by EtTDPA in FS-13 from nitric acid has previously been shown to be 1.5,
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rather than 3:1 as seen in the acetonitrile system with less complexing anions.*®!%” The
dependence of 1.5 was also seen for a CMPO-dipicolinamide hybrid during extractions of
americium(111).2%® A similar ligand in the same study was found to have a crystalline
structure of two praseodymium ions each complexed by a ligand molecule with a third
ligand bridging across the two ions, giving a ProL3(NOs)s structure when ignoring inner
sphere coordinated waters. It is postulated that the EtTDPA:Am*" complex coordinates

in this manner as well.
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Figure 6.10: FS-13 phase after extraction of Nd** by Et(p)TDPA from 1.0 M HNOj3 and
5.0 M LiNO3

From UV-Vis spectroscopy it can be inferred that the 3:1 ligand:metal complex does
not form when extracting from nitrate solutions. The extraction of neodymium into FS-

13 by Et(p) TDPA is shown in Figure 6.10. It is clear that the spectrum does not resemble
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any of the species represented in the acetonitrile-perchlorate system. However, it does
share similar qualities to when EtTDPA is titrated into solutions of the more complexing
neodymium nitrate.’”” Conditional stability constants found there to be a maximum of
two ligands complexed to a single neodymium ion in addition to complexed nitrate.

A more complete analysis of the thermodynamics of solvent extraction was done
using the Van’t Hoff method to determine the enthalpy and entropy of the extracted
complexes of EtTDPA and europium or americium. By rearranging Equation (6.1) in
terms of the equilibrium constant, one finds the equation of a line with respect to the

inverse temperature:

g AH A
T TRTTR (6.4)

where the slope of the line is the negative of the enthalpy divided by the ideal gas
constant R and the intercept is the entropy divided by R. These plots are shown in

Figure 6.11 and Figure 6.12 for americium and europium respectively.

Table 6.4: Enthalpy and entropy data from extraction of Am and Eu by EtTDPA in FS-13

Ligand Species AH (kJ/mol) AS (J/mol-K)
Et(0)TDPA Am 23+1 -39+3
Eu -17+1 -33+4
Et(m)TDPA Am 2142 3147
Eu -15+2 -26+6
Et(p)TDPA Am 2146 -32+18
Eu -14+1 -25+3
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Figure 6.11: Van't Hoff plot of Am** extraction with 0.2 M EtTDPA from 0.5 M HNO; +
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Figure 6.12: VVan't Hoff plot of Eu** extraction with 0.2 M EtTDPA from 0.5 M HNO; +
2.5 M LiNO3
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Van’t Hoff plots of americium and europium extraction were produced by using an
aqueous phase of 0.5 M HNO3; and 2.5 M LiNOg to facilitate extraction of the metal
cations, but suppressing the amount of nitric acid extracted into the organic phase which
could significantly alter the amount of free nitrate available for complexation. The
equilibrium constants were calculated using Equation (4.21) and literature stability
constants for nitrate complexation.'” With increasing temperature the equilibrium
constant decreases, meaning an exothermic reaction.

As seen in the acetonitrile-triflate system Et(m)TDPA and Et(p)TDPA have very
similar thermodynamic behavior, while Et(0)TDPA has a more negative enthalpy and
entropy during complexation with americium and europium. In all cases the enthalpies
and entropies are more negative for americium than for europium. The negative
entropies reflect the loss in rotational entropy of the free EtTDPA molecule from the
extraction process as well as the forming the more ordered complex between the metal,
nitrate, and EtTDPA in the organic phase. The errors in the entropy are quite large and
are likely the result of the inherent assumption in the Van’t Hoff method that the
activities and stability constants remain constant over the temperature range of the entire
experiment, which is a known disadvantage compared to direct heat analysis by

calorimetry.2%2%
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7. CONCLUSIONS

In this work three novel ligands were synthesized for investigation into potential uses
in nuclear fuel reprocessing. Isomers of N,N’-diethyl-N,N’-ditolyldipicolinamide were
found to be effective extractants for all actinide ions from acidic solution with the
exception of the neptunium(V). The order of extraction capability follows the effective
ionic charge of the actinide elements: An** > AnO,** ~ An®" > AnO,*. EtTDPA was also
found to not extract the molybdyl cation MoO,** regardless of ligand concentration,
while poorly extracting heptavalent technetium with a negative dependence on acid
concentration. The non-extractability of molybdenum is not necessarily undesirable as
aqueous phase complexants are often added to prevent extraction of elements such as
molybdenum and zirconium during reprocessing due to the complex chemical behavior.

Good separation of the actinides is achieved from the trivalent lanthanides with some
minor exceptions when performing extractions with 0.2 M EtTDPA and 3 M nitric acid.
Pentavalent actinides are not well separated from the light lanthanides, while americium
is not separated from the heavy lanthanides or uranium. The lack of separation from
americium is less of concern as the heavy lanthanides are existent in negligible quantities
in irradiated nuclear fuel as is uranium after separation by the PUREX process. In
comparison to the previous UNEX ligand octyl-phenyl-CMPO, the distribution ratios of
all elements are lower with isomers of EtTDPA. However, there is little separation
between the trivalent f-elements when using CMPO as the extractant. EtTDPA provides
an inherent separation factor between these elements from the N-donor pyridine group
when extracting from nitric acid solutions and thus it is possible for the use of EtTDPA in
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a UNEX-like group extraction recycling process, though a new stripping procedure
would need to be investigated to selectively back extract elements from the organic
phase.

Stability tests of the ligand showed it to be fairly resilient to damage caused by
radiolysis and hydrolysis. The main products of these reactions were carboxylic acids,
amines, and trifluoromethylated EtTDPA. These however did not cause any noticeable
negative effects on extraction experiments with doses up to 125 kGy and hydrolysis times
of 96 hours at 50 °C, while other ligands such as those used in the DIAMEX process
show significant decrease in their extraction capability when subjected to similar criteria.
Fuel raffinates that would undergo a group separation process by EtTDPA would
typically have dose rates of 0.03-14 kGy/hr with nitric acid concentrations of up to 4 M.
If short phase contact times are used, such as in centrifugal contactors, EtTDPA would be
stable for several cycles with regards to the forward extraction of the trivalent metals.
Back extraction with low acid was affected by the production of carboxylic acids,
increasing the distribution of americium and europium when attempting to strip them
from the organic phase by using dilute nitric acid. The difficulty in stripping was easily
remedied by scrubbing the solution with a carbonate wash which then allowed the near
complete stripping of metals into the aqueous phase and returned the distribution ratios to
those seen with fresh EtTDPA.

The binding affinities of EtTDPA ligands with neodymium in acetonitrile solution
were investigated as the FS-13 solvent was not suitable for this application. The use of

UV-Vis spectrophotometry and calorimetry allowed for the determination of the
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metal:ligand stability constants for trivalent neodymium and EtTDPA. Values obtained
with both methods were in reasonable agreement with each other and with the results
showing Et(o)TDPA as the weakest complexant for the trivalent metal under the
conditions in the present study. The relative magnitudes of these complexes are
consistent with known solvent extraction behavior, though the speciation in acetonitrile is
not the same as that when extracted into FS-13. Formation of the third metal:ligand
complex is inhibited by the low entropy associated with the formation of this complex.
Ideally these stability constants and other obtained thermodynamic parameters as well
as the extraction and degradation data will aid in the future design and selection of
ligands for reprocessing of used nuclear fuel. As of now, new research has been put forth
using bipyridine based diamides for the purpose of selectively extracting trivalent
actinides from trivalent lanthanides. Though results have been promising, their limited
solubility in FS-13 and unknown degradation behavior may shift research efforts back

towards dipicolinamidic ligands such as those presented in this dissertation.
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